











[image: ]





Download PDF






ads:







Sávio Torres de Farias 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Estrutura e Evolução do Código Genético 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Belo Horizonte 
Departamento de Biologia Geral 
Instituto de Ciências Biológicas 
2006 






ads:





[image: alt] 
 
 
 
 
Livros Grátis 
 
http://www.livrosgratis.com.br 
 
Milhares de livros grátis para download. 
 




 
2

 
Sávio Torres de Farias 
 
 
 
 
 
 
 
 
 
 
 
 
Estrutura e Evolução do Código Genético 
 
 
 
 
 
 
Tese apresentada ao Programa de Pós-Graduação 
em Genética do Instituto de Ciências Biológicas da 
Universidade  Federal  de  Minas  Gerais,  como 
requisito  parcial  para  a  obtenção  do  titulo  de 
Doutor em Genética. 
 
Orientador: Romeu Cardoso Guimarães 
 
 
 
 
 
 
 
 
 
 
 
Belo Horizonte 
Departamento de Biologia Geral 
Instituto de Ciências Biológicas 
2006 






ads:






 
3

Agradecimentos 
 
 
A  Romeu Cardoso  Guimarães  pela orientação  e as conversas sempre  frutíferas. Muito 
obrigado!!! 
 
A minha mãe, meu pai e minha irmã pelo apoio durante todos esses anos. 
 
A Uriella que nestes quase dois anos foi fundamental para mim. 
 
Aos colegas de curso, que não irei citar nomes, mas que sabem que foram importantes. 
 
Aos professores do Programa de Pós-Graduação em Genética, principalmente Fabrício, Vasco 
e Mônica. 
 
A Marina sempre disposta a ajudar. 
 
Ao buteco da Bio pelas noites de lazer com os amigos. 
 
Aos amigos que não são do curso, mas participaram nesta jornada de uma forma ou de outra. 
 
A banca por ter aceitado participar da avaliação desta tese. 
 
A mim por ter concluído esta tese. 
 
 
 
 
 




 
4

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“A origem da vida parece... Quase um milagre, tantas são as condições que teriam de ter 
sido satisfeitas para fazê-la acontecer.” (Francis Crick) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




[image: alt] 
5
 

Sumário 
 
   
Apresentação 
 
06 
Parte I – Origem e Evolução do Código Genético 
 
09 
 - Introdução  10 
 Histórico do Código Genético  10 
 Evolução do Código Genético  12 
 Referências   
 
18 
 - Apresentação do Modelo Auto-referente  23 
 “A self-referential model for the formation of the genetic code” 
 
24 
 - Relações de hidropatia no modelo Auto-referente   66 
“Structure of the genetic code suggested by the hydropathy correlation 
between anticodons and amino acids residues”  
 
 
67 
 - Filogenia das aminoacil-tRNA sintetase  88 
 “Aminoacyl-
tRNA synthetase class and groups in prokaryotes” 

89 
   
   
Parte II – Termoestabilidade e Origem da vida   108 
 - Termoestabilidade e Origem da vida  109 
 Referências  
 
113 
 - Relações entre o uso de aminoácidos e termoestabilidade
  

115 
 “ Preferred amino acids and thermostability”  
 
116 
 - Dados confirmando a importancia de determinados aminoácidos na 
termoestabilidade   
 
127 
 “Prediction of potential thermostable proteins in Xylella fastidiosa” 
 
128 
 - Relações entre utilização de códo
ns para arginina e termoestabilidade  

133 
 “Correlation between codon usage and thermostability”  
 
134 
 - Proposição de um modelo evolutivo para expansão dos códons para arginina, 
segundo o modelo Auto-referente
 

 
137 
 Modelo para expansão dos códons de arginina  
 
138 
 Referências   142 
Parte III - Perspectivas  
 
143 
Parte IV - Conclusões   145 
   




 
6

 
 
 
 
 
 
 
 
 
 
 
 
Apresentação 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




 
7

Aspectos estruturais e evolutivos do Código Genético 
Sávio Torres de Farias 
 
Romeu Cardoso Guimarães 
Orientador 
 
 
 
A organização da tese seguirá o seguinte formato: 
 
 
I) origem e Evolução do Código Genético 
 
  a) Introdução 
 
b) Apresentação do modelo Auto-referente. Artigo “A self-referential model for the 
formation of the genetic code”, aceito pelo periódico Journal of Biosemiotics. 
 
  c)  Apresentação  das  relações  de  hidropatia  no  modelo  Auto-referente.  Artigo 
“Structure of the genetic code suggested by the hydropathy correlation between anticodons 
and  amino  acid  residues”,  publicado  no  periódico  Origins  of  Life  and  Evolution  of 
Biospheres. 
 
  d) Apresentação da Filogenia das aminoacil-tRNA sintetases. Artigo “Aminoacyl-
tRNA  synthetase  class  and  groups  in  prokaryotes”,  submetido  no  periódico  Journal  of 
Theoretical Biology. 
II) Termoestabilidade e origem da vida 
 
  a) Introdução 
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b) Apresentação das relações entre aminoácidos e termoestabilidade. Artigo “Preferred 
amino acids and thermostability”, publicado no periódico Genetics and Molecular research. 
 
  c) Apresentação de dados confirmando a importância de determinados aminoácidos na 
termoestabilidade. Artigo “Prediction of potential thermostable proteins in Xylella fastidiosa”, 
publicado no periódico Journal of Theoretical Biology. 
 
  d) Apresentação da relação entre utilização de códons para o aminoácido arginina e a 
termoestabilidade. Artigo “Correlation between codon usage end themostability”, in press no 
periódico Extremophiles. 
 
e) Proposição de um modelo evolutivo para expansão dos códons para o aminoácido 
arginina, segundo o modelo Auto-referente. 
 
III) Pespectivas 
 
IV) Conclusão 
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Parte I 
 
Origem e Evolução do Código Genético 
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Introdução 
 
  Histórico do Código Genético 
 
  Na final da  primeira  metade  do  século XX, duas descobertas dão inicio  ao que 
podemos chamar de era da biologia molecular. A primeira foi à confirmação do DNA como a 
molécula  onde a  informação biológica estava armazenada (Referência),  a  segunda foi o 
desenvolvimento da idéia de um gene uma enzima (Beadle e Tatum, 1941). No inicio dos 
anos de 1950 a biologia molecular ganhou um grande impulso com a elucidação da estrutura 
tridimensional do DNA por Watson e Crick em 1953. 
Um ano antes da descoberta da estrutura do DNA, começava na comunidade cientifica 
uma das discussões teóricas mais frutíferas da biologia contemporânea. Em 1952, Alexander 
Dounce propõe o primeiro modelo para explicar a relação entre a informação contida no DNA 
e  as  proteínas.  Neste  modelo  ele  propunha  uma  interação  direta  entre  aminoácidos  e 
nucleotídeos,  sendo  a  leitura  sobreposta  e  o  significado  dependente  da  quantidade  dos 
nucleotídeos na trinca  codificadora. No ano  de 1954,  George Gamow propõe um  novo 
modelo, onde assim como no modelo proposto por Dounce, dois anos antes, era postulado 
uma interação direta entre os aminoácidos e os nucleotídeos sendo a leitura sobreposta. Porém 
seu modelo trazia um modelo físico para a interação entre aminoácidos e nucleotídeos, esta 
interação ocorreria na forma de chave-fechadura, onde os aminoácidos se "encaixavam" entre 
o espaço produzido pela interação de 4 nucleotídeos na estrutura tridimensional do DNA. a 
composição  destes 4 nucleotídeos definiria a  especificidade para determinado  aminoácido, 
este modelo é conhecido como código Diamante. Em 1955, Francis Crick, propõe uma nova 
idéia  para  a interação entre aminoácidos  e  nucleotídeos  (a hipótese do adaptador), nesta 
hipótese é proposto que existiria uma molécula que estabeleceria uma comunicação entre a 
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informação contida nos ácidos nucléicos e os aminoácidos. Esta molécula foi identificada 
posteriormente e chamada de RNA transportador ou tRNA. Em 1957, Brenner demonstra a 
impossibilidade de um código genético sobreposto, neste mesmo ano Crick e colaboradores 
demonstram que a leitura da informação contida nos ácidos nucléicos não tem vírgula, desta 
forma a inserção ou deleção de um nucleotídeo alteraria o significado da informação.  Em 
1960, Hoagland identificou as enzimas responsáveis pela ligação do aminoácido na molécula 
adaptadora, estas enzimas são conhecidas como aminoacil-tRNA sintetases. Em 1961, Crick 
encontrou fortes evidencias indicando que o código era lido em trincas e que esta leitura se 
iniciava em um ponto fixo, o que definia a fase de leitura do gene. Após mais de uma década 
de discussões teóricas à cerca da natureza do código genético, em 1964, o grupo liderado por 
Nirenberg, inicia uma serie de experimentos que objetivaram identificar o significado de cada 
trinca  de  nucleotídeos.  Desta  forma  conseguem identificar  qual  trinca  correspondia  a  que 
aminoácido. Em  1965, Brenner e  colaboradores identificam os sinais de terminação dos 
genes. Um ano antes Marcker e Sanger sugeriram a existência de um sinal de inicio da cadeia 
protéica. 
 Desta  forma,  na década  de  1960,  o Código Genético  estava  decifrado, e com as 
seguintes características: 
a) É  degenerado,  tendo alguns  aminoácidos sendo codificados  por mais que  uma 
trinca. 
b) É lido sem virgulas, a entrada ou retirada de um nucleotídeo muda o quadro de 
leitura do gene. 
c) Está aparentemente organizado de uma forma que diminua o efeito de uma mutação 
missense. 
d) Possui sinais de inicio e parada da cadeia polipeptídica. 
e) É codificado por trincas de nucleotídeos, sendo cada trinca especifica por apenas 
um aminoácido. 
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f) Codifica para vinte aminoácidos. 
Recentemente tem-se demonstrado a existência de dois novos aminoácidos no código 
genético,  o  primeiro  a  ser  descoberto  foi  a  selenocisteina  (Moschos,  2000;  Driscoll  e 
Coperland,  2003),  e o  segundo  pirrolisina (Ibba  e  Soll,  2002;  Srinivasan  e  colaboradores, 
2002), sendo o primeiro ligado ao seu respectivo tRNA de forma indireta sem a presença de 
uma  aminoacil-tRNA  sintetase  especifica,  enquanto  o  segundo  tem-se  demonstrado 
recentemente a presença de uma aminoacil-tRNA sintetase especifica para este aminoácido, 
tendo  esta  sintetase  uma  configuração  estrutural  típica  de  classe  II  (Polycarpo  e 
colaboradores, 2004; Krzycki, 2005). 
 
Evolução do Código Genético 
 
A  partir  da  década  de  1960,  o  problema  estrutural  do  código  genético  estava 
aparentemente resolvido, com os significados e a estrutura da matriz conhecida. Nesta mesma 
época uma nova pergunta é dirigida  ao  Código Genético:  Com surgiu  e como  evoluiu tal 
sistema?.  Uma das  observações  iniciais a respeito do  Código  Genético  era a sua aparente 
universalidade,  visto que em  diversas formas  de  vida  ele  mostrava-se  o mesmo.  Um  das 
primeiras hipóteses sobre a evolução do Código Genético foi postulado por Francis Crick em 
1968. Crick ao observar tal característica universal, propôs que a matriz teria sido congelada 
em um evento histórico e todos os organismos evoluíram a partir desta matriz, não sendo 
passível  de  mudanças  durante  o  processo  evolutivo,  principalmente  por  que  mudanças 
poderiam  por  fim  a  todo  o  sistema  celular.  Em  1979,  foram  encontradas  as  primeiras 
modificações no Código genético de mitocôndrias de vertebrados, nestas organelas o códon 
AUA  especificava  para  metionina  e  o  códon  UGA  especificava  para  triptofano.  Duas 
hipóteses  foram  levantadas  para  explicar  tal  fenômeno,  a  primeira  propunha  que  estas 
mudanças eram simplificações do código nuclear e poderiam esta representando um código 
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primitivo que existiu antes da fixação do código universal. A segunda hipótese propunha 
que a relativa  simplicidade do genoma nuclear  poderia aceitar modificações  que o  código 
nuclear não aceitava. A primeira hipótese foi contestada com o aumento na diversidade das 
mudanças encontradas em diversos genomas mitocondriais, a segunda foi contestada em 1985 
quando mudanças foram encontradas em genomas nucleares, mostrando com isso que  o 
código genético estava em processo evolutivo, não estando portanto congelado (revisado por 
Wong,  1995).  Na  segunda  metade  da  década de  1960,  Sonneborn  em  1965,  identificou  a 
relação físico-química como uma pressão  seletiva que minimizaria os danos causados por 
mutações missense, Em 1968, Carl Woese propôs  um modelo para o estabelecimento  das 
relações entre códons e aminoácidos, em seu modelo era postulado que esta correspondência 
teria sido estabelecida  através de correspondências de hidropatia entre aminoácidos e trincas 
de nucleotídeos  (Woese,  1968).  Um refinamento neste  campo foi realizado  por Lacey  e 
Mullins  (1983), quando  mostraram que  a  correlação,  entre  aminoácidos  e os  principais 
dinucleotídeos do anticódon, era positiva.  Um dos problemas apresentados nestes modelos é 
a relativa distancia entre o sitio aceptor e a trinca de nucleotídeos que compõe o códon. Na 
tentativa de  resolver  tal  problema,  foi  proposta  a  existência  de  um  código  operacional 
localizado no braço aceptor que refletiria a hidropatia do códon (Schimmel, 1995), Porém tal 
hipótese ainda não foi totalmente evidenciada. 
Wong em 1975, propôs uma nova teoria para explicar a atual estrutura e o processo 
evolutivo  que levou a tal estrutura. Neste modelo era postulado que o  código  genético se 
organizou em coevolução com o sistema bioquímico primordial. Desta forma, a estrutura do 
código  genético  foi  estabelecida  a  partir  do  desenvolvimento  das  vias  protobioticas  de 
formação  dos  aminoácidos.  Conseqüentemente,  o  caminho  evolutivo  que  levou  a  essa 
organização, poderia  ser  elucidado com base na relação entre  aminoácidos  precursores  e 
derivados nas vias metabólicas, estando muitos dos pares de precursores e derivados distantes 
apenas por um único nucleotídeo do seu códon. Uma das principais evidências deste modelo, 
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é que aminoácidos  com propriedades diferentes, mas com vias metabólicas  em comum, 
apresentam códons semelhantes (Knight e colaboradores, 1999).   Assim, a aparente relação 
entre a hidropatia e a organização do código genético, seria  uma decorrência do processo de 
desenvolvimento de vias metabólicas afins e não a força diretriz do processo (Di Giulio e 
Medugno, 1998). Porém, analises realizada por Amirnovin sobre  as relações biossintéticas 
dos aminoácidos e a distribuição dos mesmos na matriz do código genético, tem revelado que 
tal correspondência é aparentemente estatística, não sendo o fator primordial na organização 
da matriz (Amirnovin, 1997). Entretanto, a aparente contraposição do modelo estereoquimico 
e o da  coevolução  das  vias metabólicas parecer  uma enorme  simplificação do processo, 
podendo estes dois modelos terem co-participação na formação e evolução do código genético 
(Yarus e colaboradores, 2005) 
Hartman (1995), defende a idéia de que o código primitivo seria composto de poucos 
aminoácidos e  códons.  Neste modelo,  os primeiros nucleotídeos  a  constituírem  o código 
foram guanina (G) e citosina (C), e os primeiros aminoácidos seriam glicina (GG), prolina 
(CC), alanina (GC) e arginina (CG). Posteriormente, com a expansão do código dada pela 
introdução de adenina (A), os aminoácidos lisina, ácido glutamico, ácido aspartico, glutamina, 
asparagina, histidina,  treonina  e serina puderam  ser  especificados. O último  nucleotídeo 
adicionado teria sido uracil (U), e os aminoácidos alanina, isoleucina, metionina, fenilalanina, 
tirosina,  triptofano  e  cisteina.  Este  modelo  baseia-se  na  evolução  da  complexidade  nas 
estruturas  protéicas,  onde  os  primeiros  aminoácidos  formariam  estruturas  mais  simples 
(Hartmam, 1995).  Sánchez (1995), apresenta um modelo baseado na via de biossíntese de 
pirimidinas, onde propõe que o código genético, inicialmente, era composto por duas letras 
formando trincas. A via de biossíntese de pirimidinas sugere que adenina e uracil precederam 
guanina e citosina. Desta forma o código inicialmente seria composto de sete aminoácidos e 
um  códon  de  parada,  sendo  eles:  lisina,  asparagina,  metionina,  isoleucina,  leucina, 
fenilalanina e tirosina. Com a posterior  introdução de guanina e citosina, não  ocorreu um 
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aumento no tamanho dos codons, mas aumentou a capacidade informacional do código de 
8 para 64 codons. O  aumento da informação possibilitou o aumento da redundância entre 
codons e aminoácidos, diminuindo assim as chances de mutações deletérias (Sánchez, 1995). 
Recentemente, as enzimas aminoacil-tRNA sintetase, responsáveis pela ligação correta 
dos  aminoácidos  em  seu  respectivos  tRNAs,  têm  seu  lugar  evidenciado  na  formação  e 
evolução do código genético (Klipcan e Safro, 2004). Mostrou-se que a distribuição das duas 
classes destas enzimas tem forte influencia na minimização de erros observados no código 
genético. Cavalcante e colaboradores definiram dois tipos de mutações em seus estudos, onde 
um tipo de mutação não envolvia a mudança de classe entre as sintetases e o outro envolvia a 
mudança de classe. Em seus estudos foi observado que a distancia química média entre as 
mutações  onde  não ocorria  mudanças  de  classe  entre  as  aminoacil-tRNA sintetases eram 
inferiores as que promoviam mudanças de classe, indicando que a organização das classes de 
aminoacil-tRNA sintetase na matriz do código genético pode ser responsável por muito dos 
efeitos de minimização de erros na matriz (Cavalcante e colaboradores, 2000). 
  As aminoacil tRNA sintetases são responsáveis pela correta aminoacilação do 
tRNA  e,  conseqüentemente, pela  alta fidelidade do  processo de  tradução.  A  cada um dos 
aminoácidos protéicos corresponde uma aminoacil tRNA sintetase. Cada sintetase, com gasto 
de uma molécula de ATP, acopla o aminoácido ao tRNA que contem a trinca de anticódon 
complementar ao códon daquele aminoácido (tRNA cognato).  Inicialmente o aminoácido é 
ativado  pelo  ATP,  formando  aminoacil  adenilato.  No  passo  seguinte  o  aminoácido  é 
transferido para  seu tRNA correspondente liberando  AMP. Algumas  AARSs acoplam o 
aminoácido na posição 2’OH do resíduo de ribose no terminal 3’ do tRNA cognato;  outras 
acoplam na posição 3’ OH.  A escolha pelas posições de aminoacilação, 2’ OH ou 3’ OH, se 
deve a rápida estabilização do aminoacil nestas posições, quando em solução (Voet e Voet, 
1995;Eriani e colaboradores, 1995; Nargel e Doolittle, 1995). 
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Duas  classes  distintas  de aminoacil-tRNA  sintetases,  I  e II,  foram  identificadas, 
considerado-se  propriedades  bioquímicas  e  estruturais.  Cada  classe  possui  10  tipos  de 
enzimas: na classe I, aminoacil-tRNA sintetases específicas para ácido glutâmico, glutamina, 
triptofano, tirosina, valina, leucina, isoleucina, metionina, cisteína e arginina;  na  classe II, 
aminoacil-tRNA sintetases específicas para treonina, prolina, serina, lisina, ácido aspártico, 
asparagina, histidina, alanina, glicina e fenilalanina. As classes diferem entre si, em relação à 
arquitetura do sítio ativo, à ligação dos aminoácidos aos grupos OH 2' ou 3' do tRNA e à 
porção do tRNA que interage com a enzima. Apesar de realizarem reações catalíticas muito 
parecidas, estas enzimas formam um diversificado conjunto, indicando que as duas classes 
possivelmente  tiveram uma origem independente (Delarue,  1995; Eriani  e colaboradores, 
1995; Nargel e Doolittle, 1995; Saks e Sampson, 1995; Voet e Voet, 1995; Wetzel, 1995; 
Schimmel e Pouplana, 1999; Woese e Colaboradores, 2000). Em geral, cada um dos tipos de 
AARS pertence a uma ou  outra classe, fixada na evolução, em todos os três  domínios, 
Bacteria, Archaea e Eucarya, sugerindo que a reação de aminoacilação precede a primeira 
partição da árvore da vida. Uma exceção é a lysyl-tRNA sintetase (LysRS). Na maioria dos 
organismos  é  uma  enzima  da  classe  II,  no  entanto  em  espiroquetas  (B.  burgdorferi, 
Treponema  pallidum),  em algumas  -proteobacteria (Rickettsia prowazekii)  e em  muitos 
Archaea, a enzima tem a arquitetura da classe I. Todavia, LysRS da classe I pode aminoacilar 
eficientemente tRNAs
Lys
 de  E. coli, que são substratos para LysRS classe II, sugerindo que 
moléculas de tRNA
Lys
,  pré-existiram  às LysRS,  (Ibba e  colaboradores, 1997). Todos  os 
eucariotos caracterizados até o momento, tem LysRS classe II, (Schimmel e Pouplana, 1999). 
Em  alguns  casos  uma  AARS  ativa  um  aminoácido  o  qual  será  posteriormente 
modificado por outra proteína. Há exemplo disto, nos três domínios, em relação à formação 
de Gln-tRNA
Gln
.  Inicialmente a enzima GluRS ativa o ácido glutâmico ligando-o ao tRNA
Gln
 
(não-cognato).  Posteriormente,  Glu-tRNA
Gln
  é  convertido  a  Gln-tRNA
Gln
,  por  uma 
amidotransferase  (Glu-AdT). Entre  os  Archaea, a via de aminoacilação com dois passos 
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também ocorre na formação de Asn-tRNA
Asn
. Assim, genes codificando as enzimas AsnRS 
e GlnRS não são encontrados entre os Archaea, (Bult e colaboradores, 1996). 
A  presente  tese  está  organizada  em  duas  partes,  tendo  como  objetivos  gerais  a 
apresentação do modelo Auto-referente, assim como a abordagem de pressupostos assumidos 
neste modelo. 
A primeira contém a apresentação do modelo Auto-referente para origem e evolução 
do  Código  Genético,  sendo  composta  por  três  artigos.  No  primeiro  artigo  o  modelo  é 
apresentado  com  seus  pressupostos,  no  segundo  é  apresentada  uma  analise  de 
correspondência entre a hidropatia dos dinucleotideos principais e dos aminoácidos por eles 
especificados, no terceiro é proposto uma nova relação filogenética entre as aminoacil-tRNA 
sintetases de procariotos. 
A segunda parte  é composta por três artigos, que abordam aspectos relacionados a 
termoestabilidade protéica  e a relação desta  estabilidade com  a  utilização de códons  nos 
organismos hipertemófilos, termófilos e mesófilos. O primeiro artigo apresenta a relação entre 
a concentração de  determinados aminoácidos  e a termoestabilidade  protéica, no  segundo 
artigo  é  analisado  o  poder  de  predição  de  termoestabilidade  protéica  em  organismos 
mesofilos,  utilizando a  relação  entre os aminoácidos e  a termoestabilidade apresentada no 
primeiro artigo, no terceiro artigo é apresentado a relação entre a utilização dos códons para o 
aminoácido  arginina  e  a  relação  proposta  no  primeiro  artigo  entre  aminoácidos  e 
termoestabilidade, por ultimo  é apresentado um modelo para  expansão  dos  códons para o 
aminoácido arginina, esta expansão é proposta no modelo Auto referente, e segundo nosso 
modelo esta relacionada com uma seleção positiva para termoadaptação. 
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Abstract 
    A model for the formation of the genetic code is presented where protein synthesis is 
directed  initially  by tRNA  dimers.  Proteins  that  are  resistant  to  degradation  and  efficient 
RNA-binders  protect  the  RNAs.  Replication  becomes  elongational  producing  poly-tRNAs 
from which the mRNAs and  ribosomes are derived.  Attributions are successively fixed to 
tRNAs  paired  through  the  perfect  palindromic  anticodons,  with  the  same  bases  at  the 
extremities  (5’ANA  :  UNU  3’;  GNG  :  CNC;  principal  dinucleotides,  pDiN).  The  5’ 
degeneracy  is then developed. The first pairs to  be encoded correspond  to the hydropathy 
correlation  outliers  (Gly-CC  :  Pro-GG  and  Ser-GA  :  Ser-CU).  These  amino  acids  are 
preferred in the N-ends of proteins, stabilizers of proteins against catabolism and strong RNA-
binders.  The  next  pairs  complete  the  sector  of  homogeneous  pDiN,  composed  by  two 
pyrimidines or two purines (Asp, Glu-UC : Leu-AG and Asn, Lys-UU : Phe-AA). This set of 
nine amino acids forms the protein cores with the predominant aperiodic conformation. Next 
enter  the  pairs  with mixed pDiN (one purine  and one pyrimidine),  the  RY  attributions 
composing mainly the protein  N-ends and the YR  attributions  the  C-ends. The last pair 
contains the main punctuation signs (Ile, Met, iMet-AU : Tyr, Stop-UA). The model indicates 
that  genetic  information  emerged during  the process  of  formation of  the  coding/decoding 
system  and  that  genes  were  defined  by  the  proteins.  Stable  proteins  constructed  the 
nucleoprotein system by binding to the RNAs that produced them. In this circular rationale, 
genes are memories in a metabolic system for production of proteins that stabilize it. The 
simplicity and the highly deterministic character of the process suggest that the Last Universal 
Common Ancestor populations could be composed, at some early stages, of lineages bearing 
similar genetic codes. 
 
 
Introduction 
    Cellular  physiology is  didactically  described  according  to  the  top-down  tradition,  from 
genes to the phenotype (Alberts et al., 2002). This description is similar to that of man-made 
factories, with planners or programmers – the genes, and workers – the RNAs and proteins 
that build  the  phenotype.  The Darwinian (and Neodarwinian) thought  placed a directing 
agency in the interactions between organisms and the environmental contexts but the main 
focus  remained  in  the  genetic  variants  that  allowed  some  phenotypes  to  survive  the 
interactions while others were selected out. We remain with the task of explaining how such a 
genetic system first came into being. An apparent paradox arises, of how could the planners 
start their enterprise just gathering together into the factory some workers-to-be that never had 
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experienced their jobs, which would be similar to the slave-hunting practices. A bottom-up 
perspective is taken is this work, devising a mechanism  for the spontaneous origin of the 
biotic system, inside which the genetic processes arose. The spontaneity of processes may be 
categorized as self-organizational and genes are considered the memory part of the system. 
Section I presents some  basic concepts about the  living system components, relevant to 
understanding  the genetic  code.  The  model  is  presented in  Section II,  followed  by  some 
technical details of the process of formation of the coding/decoding system. This part might 
be read more loosely by those more interested in conceptual implications, which comprise 
Section III. 
 
I) The biotic world 
 
Strings and folding 
    The basic constituents of the living system are nucleic acids and proteins so that cells may 
be called nucleoprotein systems. These ‘noblest’ components are strings or chains, polymers 
where the monomers  are  respectively  nucleotides  and amino  acids.  The nobility in  these 
strings comes from the  complexity  and specificity  in the order  of the monomers in the 
sequences, which bring about the main functions of the system (Voet and Voet, 1995). Amino 
acids are fundamentally twenty, at the lower range of the number of letters in the symbolic 
alphabets of human written languages.  
    The chains may be very long and are intricately folded to acquire specific functional spatial 
configurations. Some of the main factors involved in the acquisition of the tri-dimensional 
architecture are the sequences in the polymers – the primary structure – and their interactions 
with water (Alberts et al., 2002). The folding is obtained through weak or associative bonds, 
guaranteeing the dynamic character of the structures. In nucleic acids, the main structuring 
rule is the base-pairing that builds the double helices; in RNA, single-stranded loops are also 
frequent. The secondary structures are more varied in proteins, in accordance with the small 
size and the diversity of amino acids. The complexity of the sequence organization required to 
guarantee the internal protein conformations is ordered from the simplest (aperiodic) – coils, 
where most of the interactions of the amino acids are directed towards the environment, to the 
turns, with very short-range interactions among the neighbor amino acids, then to the helices, 
with more regular interactions along a segment of the chain, and finally to the strands that, in 
order to form sheets, have to produce compatible segments in distant portions of the chains. 
 
Hydropathy and cohesiveness 
    The  reactivity  towards  water,  the  most  abundant  constituent  of  cells,  is  designated 
hydropathy. On one extreme hydrophilic molecules mix well with water  and on the other 
hydrophobic ones repel it (Kyte and Doolittle, 1982). Molecules called amphiphilic may have 
both hydrophilic and hydrophobic parts such as, in nucleotides, respectively, the sugars and 
phosphates, and the bases. Amino acids span the whole range of hydropathy so that proteins 
present complex organization; they tend to form globules with membrane-like surfaces, for 
which the contribution of lipids may be accessory. The same principles governing the internal 
organization  and  folding  of the  macromolecules  apply  to  the  formation  of  associations 
between proteins or between proteins and nucleic acids. The nucleoprotein system is tightly 
associated:  proteins  and  nucleic  acids  are  both  very  sticky  and  form  aggregates,  the 
components communicating with each other in almost contiguity. 
 
Networks and stability 
    The  cellular  components  form  a  large communication  network  (Barabási and  Oltvai, 
2004). The cellular network as a whole is metabolic, but has been didactically divided into a 
‘molecular biology’ part, describing the genetic mechanisms, down from the DNA memory 
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(genes, genome) through the RNAs (transcriptome) to the synthesis of proteins (proteome), 
and a ‘classic metabolism’ part, describing the transformation pathways of mainly the small 
molecules  (metabolome).  The  transformations  involving  both  the  macro-  and  micro-
molecules are of the same kind, justifying the extension of the term metabolism to the whole 
network and the description of the cell as a metabolic system (Guimarães, 2002). In spite of 
so many interesting attributes that support the proposition of metabolic networks as original in 
forming  living systems  (Kauffman,  1993)  there  is  an  enormous  difficulty in  modeling  or 
obtaining them experimentally. Polymers with replication abilities are considered a necessary 
pre-requisite for the origin of bio-systems (Orgel, 2002).   
    Chemistry and especially biochemistry are sciences of mainly stable objects. Stability of a 
molecule means also its abundance, and this is a driving force in chemical reactions, together 
with the energetic gradients. The constituents of cells, however, are not particularly stable. 
The synthesis of a peptide bond or of an ester bond is accompanied by the formation of water 
molecules but, in the aqueous environment, the polymers are continually being forced into the 
reverse reaction, of de-polymerization through hydrolysis. So, a characteristic of the biologic 
system is the requirement for continuous replacement of the damaged polymers, through re-
synthesis. Only the DNA molecule can be repaired and this is the reason for its widespread 
double-strandedness. RNA is less stable than DNA due to its partial base-pairing and to the 
presence of two hydroxyls  in  the  sugar. When RNAs are more  stable, this character  is 
obtained through modifications of the nucleotides but mainly through the protection provided 
by associated proteins that may be intrinsically stable. The need for re-synthesis of sequences 
makes memory structures necessary; these are provided by the nucleic acids. A template RNA 
may serve the translation of various copies of proteins, and a segment of DNA or RNA the 
replication, transcription or reverse transcription of various copies of their complements. Cells 
could survive and evolve only when they acquired the capacity to stabilize the templates and 
to  re-synthesize  polymers  in  excess  of  the  degradation  rates,  both  by  replication  and 
translation. 
 
The ribonucleoprotein (RNP) world and pre-biotic chemistry 
    Studies  on cellular origins  became  more complicated when it was  realized  that DNA 
probably was not an early molecule. Deoxyribonucleotides are derived from ribonucleotides 
and  DNA  is  vastly less  reactive  than  RNA,  unable  to  participate  efficiently  in  metabolic 
reactions (Orgel, 2002; Hughes et al., 2004). To the contrary, cellular RNAs are known that 
can catalyze metabolic transformations – ribozymes, the most remarkable being the ribosomal 
peptidyl transferase activity that makes the peptide bonds. There is in vitro evidence even for 
self-replicating RNAs (Hughes et al., 2004). The present context is of an early RNP living 
world, that  later became enriched with DNA,  therefore acquiring a  stable memory and 
separating this function from the strictly metabolic ones. The hypothesis of the early existence 
of a pure RNA world does not seem plausible. At times when pre-biotic ribozymes may have 
been  abundant  so  should  have  been  the  pre-biotic  peptides  and  protein-type  catalysts 
(Nussinov et al., 1997). 
  The pre-biotic chemical scenario points to the abundance of amino acids and scarcity of 
nucleotides.  The  latter  are  complex  molecules  while  amino  acids  are  small.  The  most 
abundant amino acids recovered from syntheses under plausible early Earth conditions are 
among the simplest, Gly and Ala (Miller and Lazcano, 2002; Caro et al., 2002). The easiest 
way to obtain peptidic and nucleotidic polymers so far attempted, albeit with short sizes and 
low productivity is based on mineral surfaces, especially from clays (Cairns-Smith, 1982). 
The plausible scenario is that a mineral order can be transferred to the polymers and these 
could be more easily adjusted to one another in formation of aggregates since they were based 
on a common origin (Basiuk and Sainz-Rojas, 2001). The greater problem remains with the 
pre-biotic metabolism, wherefrom a sufficient supply of monomers could be guaranteed. A 
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variant of the ‘genetic take-over’ hypothesis is acceptable, stating that nucleic acids became 
later  replicated  through  means  independent  from  the  minerals  that  first  guided  their 
polymerization (Ferris, 2002). The necessary character of the pre-biotic metabolic system that 
survived in the form of cells is that it was apt to produce internally the genetic system. 
 
 
II) The coded biotic world 
 
    In  cells,  proteins  are  polymerized  in  amino  acid  sequences following  the  order  of  the 
nucleotides in a template RNA. Such strict correspondence could be easily understood if some 
kind of fit existed between  nucleic acid  pockets and amino acids.  This stereo-chemical 
hypothesis  may not explain the whole code but  be responsible for at least some of the 
correspondences (Yang, 2005; Legiewicz and Yarus, 2005). In fact, the correspondences are 
mediated by adaptor RNA molecules, the transfer RNAs (tRNA), each one carrying a specific 
amino acid and bearing a code, a triplet of nucleotides (an anticodon) that matches by base-
pairing a triplet in the template mRNA (the codon) (Ibba et al., 2000; Barbieri, 2003). 
    The standard matrix of codes is shown in Table 1 but most of this text focuses 
on  the anticodons  (Table 2).  The  largest matrix  of anticodes  is the eukaryotic  one,  often 
considered the standard, containing 46 tRNAs. However, such complexity is not necessary for 
decoding the full set of 64 codons. There are simpler anticodes that rely more on the wobbling 
abilities of 5’ G and U than on the retention of all kinds of bases at the 5’ position. The 
bacterial anticodes are smaller and the archaeal intermediate. The vertebrate mitochondrial is 
the most intensely reduced, generally to 5’ U in the simple boxes, 5’ G and U in the complex 
boxes, except for the 5’ C of Met, and for the changes of Ile-UAU to Met, of Arg-YCU to 
Stop and of Stop-UCA to Trp; the total is 23 tRNAs, including the iMet (Osawa, 1995). The 
maximum size of the anticode is due to the absence of base A in the 5´ position and of the 
three tRNAs corresponding to the Stop codons. 
 
Hypotheses of early translation 
  Attempts at developing a plausible explanation for the formation of the translation system 
have not been satisfactory so far (Trevors and Abel, 2004). A problem with the direct early 
translation models stems from their assumption that preexisting RNAs served as templates 
(early  mRNAs) for the  alignment  of  aminoacyl-tRNAs  (ac-tRNA;  or  some  early form of 
them) and this system gradually acquired efficiency and functionality. Following this premise 
based on the traditional evolutionary  genetics,  the  learning process would have been very 
slow, through trials, errors and some successes that became fixed (Poole et al., 1998; Tamura 
and Schimmel, 2003). 
    The template could be efficiently translated by an early specific ac-tRNA only if it had a 
homogeneous or repetitive sequence. This is not an interesting start, but it could be supposed 
that useful variations would be superimposed on this, if they were coherent with the template 
and with the new tRNAs; the necessary coherence in the evolution is the main problem. It is 
more plausible that the early template was heterogeneous but could be efficiently translated 
only by a non-specific set of tRNAs, producing the correspondent highly variable proteins. 
This system would evolve by selection of the interesting and functional proteins and mRNAs, 
again in coherence. Specific tRNAs would not be adequate for translation of heterogeneous 
mRNAs due to the frequent occurrence of nonsense segments in the template. 
    Various attempts  have  been made to envisage  the  constitution of an early  small  set of 
amino acids that would also fit a coherent region of the genetic code matrix. This set should 
also ideally correspond to some interesting protein property so that a functional system would 
be constructed, to become  a  seed for further evolution. The proposals tend  generally to 
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concentrate on and vary somewhat upon the set localized on the 3’ C row of the anticodon 
matrix (Val, Ala, Gly, Asp and Glu; Lehman, 2002; Klipcan and Safro, 2004). 
    We will not detail all the argumentation involved in this choice, but most of the important 
parameters  that  have  been  proposed  for  understanding  the  code  organization  can  be 
summarized as follows: 
• The amino acids in the 3’ C row of the anticodon matrix belong generally in the category of 
the simplest and smallest. This produces consistency  with some of the most abundant and 
stable ones obtained in pre-biotic syntheses. 
• None of them are, in the biosynthesis routes of amino acids, derived from others belonging 
in the code. They are all originated directly, or through a low number of transformations, from 
the most basic of the metabolic processes, the routes of glycolysis and of the Tri-Carboxylic 
Acid Cycle. This line of thought states that the early attributions were those of amino acids 
originated from the basic routes of biosynthesis and that, with complexification of the routes, 
producing new amino acids in families of derivation, the codes attributed to them also formed 
families of similarity. So, there was a co-evolution in the derivation of both amino acids and 
their codes (Wong, 2005). 
• The amino acid set is heterogeneous enough to produce peptides with a variety of properties, 
thus opening the way for the ample functionality of proteins (Oba et al., 2005). 
• The anticodon set is rich in G+C bases, guaranteeing higher thermal stability in the pairings 
with the codons, and homogeneous  at the 3’  C,  making easier the mutual transformations 
inside  the set,  so  that an earlier  single  starting  code would have  had less difficulty  in 
producing the others. 
• The set of present day catalysts of the formation of the aminoacyl-tRNAs, the synthetases 
(aRS), is rich in class II enzymes, and these are suggested to have generally preceded class I. 
In our model, only the three last amino acids in this set (Gly, Asp, Glu) are fixed early in the 
tRNA pairs. 
 
The self-referential model 
    We envisaged a procedure for obtaining synthesis of proteins that is considered 
plausible and consistent with present day knowledge on cellular processes, and can dispose of 
the requirement for an early mRNA to be translated. It is called self-referential to the tRNAs 
and based on a simple type of symmetry produced by the dimerization of tRNAs through the 
complementary anticodons (Grosjean et al., 1986; Grosjean and Houssier, 1990; Figure 1). 
We will start with a presentation of the model and then give an account of its consistency with 
the main attributes that have been  found adequate and necessary  to fit  the evolutionary 
paradigm, e. g., of going from simple to complex arrangements and of providing a driving 
force or a phenotype with fitness value that can be selected for. The basic features of our 
model are summarized in Figure 2. Its simplicity offers a fast and highly probable mode of 
evolution, to fill the matrix  in few steps (Guimarães 2001, 2004; Guimarães and Moreira, 
2002,  2004).  Such  expediency is  necessary  in  the  light  of  the  estimated  short  time  span 
available for the origin of life on Earth, approximately -4 to -3.5 My (Poole et al., 1998). The 
slow  part  of the  process  is  sent  back  to  the origin  of  replication  and  of  the  tRNAs.  The 
simplicity and the highly deterministic character of the process suggest that the Last Universal 
Common Ancestor populations could, at some early stages, be composed of lineages bearing 
similar genetic codes. 
 
The pools of reactants: tRNAs and amino acids 
    The main ingredients of the coding system are of three kinds – the tRNAs, the 
amino acids and the catalysts of their union, accomplishing the aRS function. This function 
was initially obtained with the participation of the tRNAs and metals, the RNA component 
being  possibly  also  ribozymic.  The  tRNA  pool  contains  the  full  set  of 64  anticodons; 
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replication is able to generate them easily. The early amino acid pool is probably not full, 
according to the list of amino acids obtained by chemical synthesis under conditions imitating 
the  supposed  early  Earth  conditions  (see Trifonov,  2004;  in  the  decreasing rank  order: 
GALVDEIPS, plus marginally T) or considered not derived from other amino acids belonging 
in the code (see Wong, 2005; GASDEVLI, plus marginally PT).  
 
Stages in the formation of the coding system 
    The  process  can  be  divided  into  three  stages  (Figure  2):  (i)  dimer-directed  protein 
synthesis, (ii) primitive mRNA translation, and (iii) maturation of the mRNA structure. We 
delineated a precise stepwise succession of pairs of tRNAs being recruited and fixed with 
correspondences to compose and to be integrated in the system.  
 
(i) Protein synthesis directed by tRNA dimers 
    Various kinds of dimers may be formed, including those not relying upon the pairing 
through the anticodons (Martinez-Giménes and Tabarés-Seisdedos, 2002), and many of them 
could be producing oligo- or polypeptides concomitantly. Proteins produced by each type of 
dimer would be largely repetitive, composed by either one amino acid, such as the Ser, which 
is coded by complementary pDiN, or up to many, in the cases where each tRNA in the dimer 
would show greater affinity for a particular amino acid and lower affinities for others.  
  Our model says that the dimers formed by pairing of tRNAs through the anticodons of the 
perfect palindromic  kind were  those  showing  higher  stability and  more apt  to  the  task of 
performing the transferase activity. If all of them were to be at work concomitantly upon the 
early set of amino acids, the model needs to invoke a self-stimulatory molecular selection 
process mediated by the proteins, choosing which ones would be fixed at each moment of the 
formation of the code. 
  The properties of the proteins produced by the pool of dimers would be able to explore the 
whole  space  of  possibilities  opened  by the  types  of  amino  acids  available and the semi-
repetitiveness of each of them. The earliest self-stimulatory process relevant for the start of 
the RNP-based protein synthesis would depend on a few of these properties, the main one 
being the  ability of proteins to bind  to the RNAs. When the  RNA-binding protein  is also 
stable  against  degradation,  it  would  protect  the  RNA  and form  a stable  RNP.  The  RNA 
component  should  continue  being  adequate  for  replication  and  for  participating  in  the 
synthetase and transferase reactions. 
  The set of correspondences in this stage is the GPS group of amino acids, attributed to the 
NCC : NGG and the NGA : NCU sets of anticodons. It is noteworthy that there should be no 
need for external  compartmentalization to facilitate the  nucleoprotein  binding; the  nascent 
proteins are not released and stay bound to the tRNAs with immediate cohesiveness.  
 
(ii) Translation of primitive mRNA 
  This is the most  complex  stage,  at the transition from the dimer-directed  to the fully 
translational mode of protein synthesis, with separation of the anticodon and codon functions. 
The set of nine amino acids corresponding to the pDiN of the homogeneous sector form the 
core structure of proteins with predominantly aperiodic conformation: five of the amino acids 
are  characteristic of coils  and  turns, three of α-helices. Ribosomes and mRNAs are derived 
from poly-tRNA strings, which may be elongated after the RNA stabilization is guaranteed. 
The synthetase function is developed, accompanied by the establishment of the hydropathy 
correlation. 
  The change from dimer-directed to templated protein synthesis introduced changes in the 
way the stability of the tRNA couples active in the transferase function is obtained and helped 
in the restriction of the coding to the anticodon triplets. In the paired anticodon configuration, 
the base pairs in the loops holding the tRNAs together should point to one surface with the 
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anticodons  in the middle, and other bases flanking the triplets might be involved in the 
pairing (Grosjean and  Houssier, 1990). In the  ribosomal side by side configuration, the 
anticodon : codon paring becomes restricted to the three bases at the center of the loop, and 
the flanking bases could pair laterally with the neighbor tRNA (see Smith and Yarus, 1989). 
 
(iii) Maturation of the generalized mRNA structure 
  The tRNAs belonging to the mixed pDiN  sector are integrated into  the system  next. 
Dimers do not penetrate ribosomes but dictate that new attributions should follow the pairing 
of tRNAs carrying them. The NRY attributions are ligated to the 5’ ends of mRNAs and the 
NYR to the 3’ ends, forming the generalized mRNA structure 5’ (NRY) (NRR, NYY) (NYR) 
3’ (Table 3). 
  The chronology proposed for the fixation of the genetic code correspondences obeys the 
rules  that  the  tRNAs  were  recruited  in  palindromic  pairs  and  that  the  tRNAs  with 
homogeneous pDiN were fixed earlier than the tRNAs with mixed pDiN. It is possible that 
some  kind  of  pre-coding  dictated  by  direct  interactions  between  amino  acids  and 
oligonucleotides,  belonging  in  the  RNA  world,  might  be relevant  to  the  process,  but  we 
cannot find any link between such proposals (e. g., Seligmann and Amzallag, 2002) and the 
standard  code.  They  are  based  mostly  in  thermodynamic  considerations,  possible 
stereochemical affinities, specific amino acid  binding to some RNAs not tRNA-like but 
containing segments similar to their correspondent codons or anticodons (Yarus, 2000), or 
models  for  possible  ribozyme  activities  that  could  have  generated  the  amino  acid 
transformations (Szathmáry, 1999; Copley et al., 2005). 
  We  also  find  it  difficult  to  envisage  an  RNA-based  mechanism  that  would  have 
distinguished and directed the early fixations to the tRNAs with homogeneous pDiN and the 
late ones to the tRNAs with mixed pDiN. It is more plausible to admit, based mainly on the 
hydropathy correlation being established in dependence of protein properties (see below), that 
the correspondences were fixed as codes by the self-stimulatory effects of the protein binding 
and  stabilization upon the  RNAs  that  were  producing them.  It  is  suggested  that  the  early 
tRNAs  of  the  homogeneous  pDiN  sector  had  more  repetitive  and  simpler  sequences than 
those of the mixed pDiN sector, and were then more adequate for being bound to the early 
repetitive and simpler proteins produced in the dimer-directed stage. The rationale based on 
the  simplicity  of the  interacting partners  is also pointed at  by  (a)  the  simple  sequence 
character of the palindromic triplets (lateral bases repeated), as compared to the other types, 
and (b) the non-directionality that they allow for the interactions (the lateral bases may be 
equally the start or the endpoints in an interaction). 
  On the amino acid side, simplicity has always been a main theme in guiding the proposals 
for the early attributions of the code. These are usually chosen as subsets from the lists of 
amino  acids obtained  by chemical synthesis under conditions imitating the supposed early 
Earth conditions. Considering the first nine amino acids in the ranks shown above, we see that 
2/3 of them belong in the sector of homogeneous pDiN, corresponding to the first three pairs 
of our model (GPSDEL). On the protein side, our prediction is that a core sequence should be 
composed  by  the  nine  amino acids  of  the  homogeneous  pDiN sector and should  acquire 
predominantly the aperiodic conformation. This may be considered certified by the data of 
Sobolevsky and Trifonov (2005, 2006): the amino acid composition of the 21 most abundant 
types of conserved octamers belonging in the universal loop-and-lock structures of proteins 
presents the rank order G(DLT)SAP(KR), from which 2/3 belong in the homogeneous pDiN 
sector (GPSDLK). 
 
The tRNA dimers orient the entire process   
  In the next sections, data are presented to demonstrate that the description of the entire 
genetic code through the dimer-oriented rationale is consistent with biochemical data. Such 
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consistency  is  surprising  in  the  light  of  the  constraints  imposed  by  the  necessity  of 
attributions  be inserted into the  system obeying  the  tRNA  pairs,  which is  considered an 
argument in favor of the model. Our main novelty concerning the role of tRNA dimers is the 
proposition of the palindromic dimer-directed protein synthesis in the first stage and that, in 
later stages, dimers do not enter the ribosomes but orient the entrance of new attributions. Our 
rationale  incorporates the earlier  studies of Miller et  al. (1981) and Yamane et al. (1981) 
showing that dimers could be regulatory to protein synthesis, modulating the availability of 
tRNAs for translation, and of Smith and Yarus (1989), showing that the neighbor tRNAs in 
the P and A sites of ribosomes interact side by side via the bases lateral to the anticodons in 
the loop, which may be considered a different kind of dimer. We also propose that the dimer-
directed transferase activity could be experimentally tested, either utilizing present day tRNAs 
or the various kinds of mini-tRNAs that have been used as acceptors for the aRS function or 
for spontaneous aminoacylation (see Beuning and Musier-Forsyth, 1999), but  containing 
anticodon-like loops, able to dimerize. 
 
Processes forming the code 
    The complexity of the matrix is high to the point that attempts to describe its generation 
through  symmetry-breaking  algebraic  procedures  (Hornos  et  al.,  2004)  or  language 
evolutionary algorithms (Patel, 2004) ended up with very few possibilities. The description 
through codons highlights its completeness, where all triplets have a meaning, either an amino 
acid  or  termination.  Termination  codons  are  decoded  by  proteic  Release  Factors  that 
substitute for the correspondent ac-tRNAs and hydrolyse the last peptidyl-tRNA bond, so that 
the peptide chain and the tRNA are released from the ribosome (review in Kisselev, 2003). 
    The processes forming the coding system can be divided into three mechanisms. Two are 
primary:  one  for  the attribution of  correspondences between  triplets  and  amino  acids,  the 
other for the  generation  of  the  punctuation  signs,  specific  initiation  and termination.  The 
mechanisms forming the primary attributions are similar in the sense that they involved the 
fishing of a second attribution by the first, dictated by the nucleic acid pairing rules: (a) For 
amino  acid coding,  anticodonic  pairings  directed  the  attribution  to  the  second  tRNA  that 
dimerized with the first. (b) For the localization of the termination signs, their tRNAs formed 
pairs with  the  initiation  codon and  competed  with  the  initiation anticodon  for  this  codon, 
therefore being deleted (see below). The specific punctuation was developed after all amino 
acid attributions were completed, which is consistent with the specific punctuation being the 
most complex of the translation mechanisms. The third mechanism (c) is called secondary, for 
the generation of the hexacodonic attributions, derived from expansion of the specificities of 
the class I ArgRS and LeuRS. The expansions of Arg into the YCU and of Leu into the YAA 
triplets  were  established  after  the  formation  of  their  respective  primary  tetracodonic 
attributions (NCG and NAG), so that Ser was originally octacodonic (NGA and NCU), and 
Phe was originally tetracodonic (NAA).  
 
Amino acid coding 
    It is known that tRNAs can form dimers through the pairing of complementary anticodons. 
The thermal stability of the dimers is high, equivalent to the formation of about seven base-
pairs in the common RNA helices (Grosjean et al., 1986; Grosjean and Houssier, 1990). It is 
indicated that the type of mini-helix formed either has a peculiar stability by itself or receives 
additional support, either from special base modifications or from other bases in the anticodon 
loop, besides the anticodon triplets. Thermal stability of dimers of present day tRNAs is also 
not much influenced by the G+C contents of the triplets, but there are indications that early 
coding might have been influenced by this character (Ferreira and Cavalcanti, 1997), its main 
feature being that all boxes at the core of the matrix are simple. Our model requires a perfect 
palindromic topology in the triplet pairs and obeys only partially the thermodynamic stability 
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principle: in each of the sectors, the initial boxes are at the core and the last ones to be filled 
with  attributions  are  at  the  tips.  A  dimer  satisfying  the  condition  of  pairing  between 
palindromic anticodons is presented in Figure 1. 
    The tRNA dimers can be considered proto-ribosomes and proto-mRNAs. In ribosomes, the 
two tRNAs are front to back in the A and P sites, guided by the codons in the mRNA (Figure 
2). In the dimers, the anticodon loops are linked head to head through a mini-helix and the 
anticodons are simultaneously codons for each other, making unnecessary the presence of an 
external template (Figure 1), and the tRNA acceptor ends hang to different sides. In both 
cases the two tRNAs are held together in a stable structure so that the acceptor ends are placed 
in  contact  and  the  transferase reaction  facilitated.  This reaction  is  driven  towards peptide 
synthesis  due  to  the  peptide  bond  being  covalent  and  the  dimer  association  dynamic, 
dependent only on hydrogen bonds. Polymerization of peptides works as a sink, providing a 
suction force to the system. This force works as long as there are dimers of ac-tRNAs. Dimers 
of an ac-tRNA and a non-acylated tRNA may be inhibitory when the concentration of the 
latter is higher. When only one synthetase is available, acylating one tRNA type, the system 
may be de-repressed when a second attribution arises with specificity for the other tRNA in 
the pair. In this way, dimerization is also a driving force for the fixation of catalysts that can 
acylate the second member of a pair. In this double-catalyst situation, there are difficulties in 
deciding which came first since the concentrations of the members of the pair will fluctuate 
and tend to get equilibrated; any decision on which came first relies upon external factors. 
    No  symmetry is expected on  the  amino acids  due  to  their  extremely  varied  properties, 
some qualitative others quantitative, and with no indication of structural complementarity or 
allowing protein replication. Nonetheless, some limited complementary behavior was found, 
e. g., when taking into account the hydropathies of the tRNAs in the pairs (Table 3). 
 
The palindromic triplets and pairs 
    The type  of  pairs found meaningful for initiating  the  coding process  is configured  as 
perfect palindromes, containing the same bases in the extremities, which we shall call the 
fishing triplets (Table 4). Among all types of triplet pairs, the palindromic configuration is the 
one guaranteeing full and long lasting single-strandedness which is a requisite for their ability 
to produce stable dimers through the formation of the mini-helices. Dimers can be obtained in 
vitro from the self-complementary tRNAs for Asp GUC (see Beuning and Musier-Forsyth, 
1999) but they depend on the formation of the non-standard U : U central base-pair. 
   Considering the restriction of accepting only the perfect standard base pairs, it is indicated 
that the palindromic coding was developed before the exclusion of A from the 5’ position of 
the triplets. The exclusion of 5’ A became necessary in the complex boxes due to its wide 
wobbling possibilities that would produce ambiguity in their decoding. In our scheme, the 
mechanism  of  5’  A  exclusion  may  have  been  initiated  very  early,  together  with  the 
differentiation  of the  two acidic  amino acids. The remaining  5’ G  solved the  ambiguity 
problem and was enough for decoding. The later extension of the 5’ A exclusion to all boxes 
may  have  been  due  to  its  benefit  to  the  regulatory  mechanisms,  when  some  perfect 
palindromes (with 5’ A) yielded to imperfect ones (with 5’ G and the consequent acceptance 
of G : U pairings). 
 
Steps in the coding at each box 
    After (a) the initial coding of the fishing triplets, the perfect palindromic triplets in each of 
the paired boxes, the (b) 5’ degeneracy was developed by the synthetases and the ribosomal 
decoding  mechanisms,  integrating  all  triplets  in  a  box  (see  Table  6).  This  function  is 
accessory to the main one provided by the pDiN. The full wobbling provided by 5’ U would 
be sufficient for decoding all kinds of codons within a box (with the same pDiN), as in the 
mitochondrial anticodes, but the extended anticode of eukaryotes utilized more extensive 5’ 
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details, possibly for greater precision and expanded regulation. (c) When complex boxes 
were developed, the first occupier of the box receded to 5’ R and conceded 5’ Y to the new 
occupier(s).  These  concessions  follow  a  consistent  rationale  and  indicate  that  all  5’  Y 
attributions are late in relation to the 5’ R in the respective boxes (see also Variant codes).  
 
Proteins organized the code 
    Peptides formed through the mechanism of tRNA dimerization are partially organized. The 
set of amino acids coming from a tRNA pair will have properties dictated by the properties of 
the anticodons in the pair, with which they are correlated. The next set in the succession may 
have characteristics independent from the previous one and a collection of independent pairs 
will compose a large pool of repetitive peptides each containing one or more types of amino 
acids. Details of further organizational steps require examination of real proteins and of the 
genetic code structure, to model a succession of dimers that is relevant to the physiology and 
to  the  formation  of  the  code.  The  model  also  provides  a  mechanism  for  the  entrance  of 
templates and ribosomes into the system. Various imprints of protein structure and properties, 
and of the mechanism of protein synthesis, were detected in the structure of the genetic code, 
indicating that a part of the general structure of the matrix was configured in dependence of 
protein properties. 
 
Stages indicated by the hydropathy correlation 
    The long known correlated distribution of hydropathies of amino acids and of the types of 
triplets  was  the  first  evidence  showing  that  the  correspondence  between  amino  acids and 
triplets is not entirely  arbitrary.  It was reexamined considering the hydropathies  that the 
amino acids present as residues in proteins (Guimarães, 1996; Farias et al., 2006). Previous 
studies utilized the hydropathies of amino acid molecules in solution and could not offer a 
rule to  understand how  the  correlation  was  established  and  how  to  explain the  deviations 
(Lacey and Mullins, 1983). 
  Our  study (Figure 3)  showed  that  nineteen  of  the attributions conformed  to  a  wide 
correlation area and four, of the homogeneous pDiN sector, were identified as outliers from 
the correlation. The remaining attributions in the homogeneous sector fall on a regression line 
whose angle of inclination is 43
o
. The inclination  grows to 64
o
 in the mixed  pDiN sector 
regression line. In the homogeneous sector, the group of three amino acids (Gly, Pro, Ser; the 
GPS group) in the four outlier attributions (Gly-CC : Pro-GG and Ser-GA : Ser-CU) form an 
almost horizontal regression line (-8
o
 inclination). Taking this set as the first amino acids to 
become coded (Stage 1), it is indicated that peptides with this simple constitution (all small 
and  hydro-apathetic)  were unable  to  produce  the correlation,  and  that  the  correlation  was 
established only when the peptides had a richer amino acid complement. With the entrance of 
the  other amino  acids  of  the  homogeneous  sector  (Stage 2),  peptides  could  establish  the 
hydropathy correlation. When amino acids of the mixed sector entered (Stage 3), completing 
the full set of encoded amino acids, inclination became sharper, indicating greater sensitivity 
of  the  correlation-producing  mechanisms.  Demarcation of  Stage  4 did  not  depend  on  the 
hydropathy correlation data but highlights the installation of a specific punctuation system. 
  The palindromic pairs are the only types possible inside the set of outliers that can join the 
two Ser boxes and accommodate the Gly and Pro boxes without ambiguities. The outliers are 
presently  charged  by aminoacyl-tRNA synthetases (aRS) of class II,  i.e. those typically 
acylating  3´OH of  the  terminal  adenosine  of  the tRNA.  The  other  amino  acids  in  the 
homogeneous sector  (Stage 2)  are charged  by one couple of class  I synthetases (typically 
acylating 2´OH; the pair of boxes with Glu and Leu, together with AspRS class II), and one 
couple of the atypical synthetases (the pair of boxes with Lys and Phe, together with AsnRS 
class II). The end result of the synthetase class distribution in the homogeneous sector is 5 
class II, 2 class I and the 2 atypical, in contrast with the mixed sector, where there are 3 class 
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II  and  8  class  I  (Guimarães  and Moreira, 2002,  2004).  The  more  hydropathy-sensitive 
character of the mixed sector is related to the enrichment in class I enzymes and may derive 
from their mode of docking on the tRNA acceptor stem (see the aRS class characterization). 
    These results indicated that the correlation was established by the protein catalysts. Each 
sector of tRNAs produced a characteristic high affinity and specificity, whose superposition 
formed the wider correlation  area.  The best fit  produced by class I  is with the triplets of 
intermediate hydropathies (mixed pDiN). The correlation established by class II enzymes did 
not discriminate triplet types but among the class II attributions are the outliers. Both sectors 
exploited  the  full  hydropathy  range  but the  homogeneous  more  the  hydrophilics  than  the 
hydrophobics;  the  mixed sector  contains all  the  moderately hydrophobic  and  most of  the 
hydrophobics.  Hydroapathetics  are  all  (GPSTH)  typical  class  II.  Hydrophobics  are  all 
acylated at the 2’ position of the ribose: Cys plus all at the central A column (class I and the 
atypical PheRS class II; Tables 3 and 7). 
    It  is indicated  that when the catalysts  unite two  substrates  in a  product,  the  substrates 
should be hydropathically compatible and coherent so that they can be adequately placed in 
contact thereby obtaining the facilitated reaction. This interpretation suggests that at the times 
of fixing the attributions, either the anticodons or some correlates of them in the acceptor arm 
(possibly  akin  to  the  operational  codes; see  Schimmel,  1995)  participated  in  the  substrate 
contacts, which is  reminiscent of the physico-chemical hypothesis. Direct tests of the first 
possibility  are  problematic,  since  the  anticodons  are  presently  far  from  the  aminoacyl-
adenosine synthesis site and some of them do not even interact directly with the synthetases. 
 
Selection in the regionalization of attributes 
    An  alternative  hypothesis  would  suggest  evolutionary  minimization  of  errors  or 
optimization of the distances between the types of amino acids and of triplets. The mechanism 
suggested  by  this  hypothesis  is  that  various  distributions  of  attributions  once  existed, 
produced by  point mutations that changed slightly  the triplet character.  When this change 
would code for an amino acid with properties very different from the original attribution, such 
coding would be strongly  selected  against. The end result of this process would  be the 
observed regionalization of the attributions, so that similar amino acids would be attributed to 
similar  codes  and  the  changes  produced  by  point  mutations usually  would  not  result in a 
drastic  change  of  the amino  acid  character.  The  only  tests  possible  for  supporting  this 
hypothesis are simulations of the  evolutionary  process, and they  do  show that the present 
distribution of attributions is among the best for minimization of errors (Knight et al., 1999). 
Otherwise, the hypothesis does not refer to mechanisms of origins of the attributions. 
    We  propose  that  both  catalyst-driven  and  selective  optimization  hypotheses  are 
complementary and  refer to  different  aspects or  moments of  formation of  the  code. Our 
attempt is to maximize biochemical mechanistic explanations and to reduce the more vague 
propositions of natural selection that are based only in the considerations that the present state 
of the system is optimized and that other variants once existed but tended to produce worse 
products (phenotypes) and were selected out. The outlier attributions are considered  the 
earliest to be fixed, based on the premise that the catalysts responsible for them had properties 
different from those that produced  the correlated  attributions.  It is acceptable that such 
catalysts might have been even ribozymes (see Copley et al., 2005). 
 
Protein structure and nucleic acid-binding 
   The technical details utilized for building the successive stages of formation of the code are 
presented in Guimarães and  Moreira (2004). The dynamics in the succession  follows a 
symmetry that builds the picture of a levorotatory windmill (Figure 4). It is remarkable to see 
how well the very restrictive palindromic model survives the various tests of correlation with 
physiologic parameters. The extreme stages correspond to starting with the single class II-
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only pair of boxes (Gly with Pro) and ending with the single class I-only pair (Ile and Met 
with Tyr). Stage 1 contains three hydroapathetic amino acids in the hydropathy correlation 
outlier  attributions (GPS).  Five  of  the  six  amino  acids  in  the  final  stages  (3c  and  4) are 
hydrophobic  (CWIMY),  only  Thr  being  hydroapathetic.  In  the  intermediate  stages, 
hydropathies are correlated with the anticodon complementarity. The main characters found 
relevant for formation of the code were the acquisition of metabolic stability by the proteins 
and their ability to bind to RNA, wherefrom an RNP system could be developed. 
 
Protein stability and non-specific punctuation 
    The fundamental property of protein  metabolic stability (half-life; Varshavsky, 1996), 
which  depends  strongly  on  the  amino  acid  residing  at  the  N-ends (the head),  was  found 
compatible with the frequency of amino  acids residing on the N-ends  of  most proteins 
(Berezovsky et al., 1999). Accordingly, the amino acids that destabilize the proteins, when 
residing in the N-ends, were found to be concentrated in the C-ends (the tail). The net result of 
these  studies  is  that  present  day  proteins  demonstrating  higher  stability  show  a  polar 
distribution of the amino acids, the main protein stabilizers tending to be concentrated at the 
N-ends and the destabilizers at the C-ends. 
    We have found that these properties correlate with and support the staging proposed for the 
genetic code (Guimarães, 2001; Table 3). Such relationships indicate that  the property of 
metabolic stabilization of proteins is primordial and intrinsic to the amino acids. Therefore, 
their  polar  distribution in  proteins and  locations  in  the  code  matrix  were  dictated  by  this 
property, in the same way as the protein degradation mechanisms were subsequently adjusted 
to the amino acid properties. 
    The model is valid both for the chronological order of amino acid encoding and for the 
generation of the polar organization of protein sequences. When such order is inscribed in the 
code, it may be considered another punctuation system: start the sequences with stabilizing 
amino acids and direct the destabilizers to the tails. This is called a non-specific punctuation 
system with respect to the variety of amino acids satisfying the rules and in contrast with the 
traditional  system,  which  is  specific  to  one  tRNA  at  initiation  and  to  three  codons  at 
termination. It is indicated that the non-specific preceded the specific system and that this was 
superposed on the former: Met is a strong stabilizer and the Stop codons belong in boxes 
containing amino acids that are strong destabilizers or preferred in the C-ends. 
   The  non-specific  system  can  be  identified  in  the  homogeneous  sector  alone.  The 
chronologic  succession  of  entry of  the  nine  amino acids in  this  sector  corresponds to  the 
construction of peptides demonstrating the polar organization of the sequences, with stable 
heads and unstable tails, which is the character of fully structured small proteins. It can be 
read from Table 3 that the three amino acids in Stage 1 contribute to form stable protein 
heads and that the amino acids of Stage 2b should not be incorporated earlier, to the cost of 
destabilizing the peptides due to the properties of Lys and Phe; the amino acids of Stage 2a 
show heterogeneous properties. In the mixed sector, the other protein-stabilizing amino acids 
are concentrated in the NRY quadrant (VTA) and the other destabilizers in the NYR quadrant 
(HR). The chronology of entry of the attributions belonging in the homogeneous sector 
corresponds to their order in a string but those of the mixed sector were added to  the 
primordial string of the homogeneous sector in a different way, the NRY being placed in the 
N-ends and the NYR in the C-ends. A modification of one of the NRY (iMet) was responsible 
for starting the formation of the specific punctuation system. 
 
Specific punctuation 
  The puzzle set forth  by  observing that the two pDiN, the CAU  of Met, utilized for 
elongation, and the CAU of iMet, utilized for initiation, coincide complementarily or directly 
with the pDiN of the boxes where the Stop signs reside (respectively UA and CA) inspired a 
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more detailed search for the links between the tRNAs involved in the whole punctuation 
system (Guimarães, 2001). The recognition of the tRNA
iMet
 by the initiation system, with the 
wobble position in the 3’ extremity, is indicated by the observation that various Start codons 
may be accepted, with variation in the 5´ position (NUG). The second codons shown (Table 
5) were selected according to the criteria of having 5’ R and of corresponding to amino acids 
that are strong stabilizers of the N-ends of proteins against degradation (Varshavsky, 1996; 
Berezovsky et al., 1999). It is shown that the initiation system is built upon a configuration of 
the two first codon  : anticodon  pairs where  the  pDiN are contiguous,  forming  a tetra-
nucleotide without the possibility of interruption by a wobble pair (codons NUGRNN). 
  In the anticodon triplets corresponding to the Stop codons there is a constant 3’ A, identical 
to the central A of the initiation anticodon, both forming a standard base pair with the central 
U of the initiation codon. This is indicated to be the main source of the competition between 
the initiation anticodon and the anticodons corresponding to the Stop codons. These conflicts 
led to the exclusion of the latter tRNAs and their substitution by the protein Release Factors. 
The 3’ A is preceded by two Y. The central Y pairs with the 3’ G of the initiation codon and 
the 5’ Y pairs with the 5’ R of the second  codon. This mode of coding of  termination is 
indicated to be a necessary consequence of the installation of the initiation mechanism based 
on the slipped pDiN; when the code matrix is full, conflicts between anticodons competing in 
the initiation process will automatically arise. Other characters of the Trp tRNA or of its 
recognition by the termination system had to be developed so that it could be retained with 
avoidance of the conflicts, which is consistent with the data of Rodin et al. (1993). 
 
Nucleic acid-binding 
  The compilation of the amino acids which are preferred in the conserved sites of nucleic 
acid-binding motifs (Guimarães and Moreira, 2004) relative to those showing up in the non-
conserved sites in the same motifs (Table 3), was able to identify the homogeneous sector of 
the code with the RNA-binding ability and the mixed sector with the DNA-binding or with 
the ability for binding both kinds of nucleic acids. Most of the RNA-binding motifs are highly 
enriched in Gly,  some of  them being rich in  Pro.  Among the  nine amino acids in the 
homogeneous sector, six are preferred in RNA-binding motifs; only Glu is preferred in DNA-
binding  motifs,  and  Asp  and  Asn do  not show  up  in  the  conserved sites  of  nucleic  acid-
binding sequences. Among the eleven amino acids of the mixed sector, only Val and Met are 
added  to  the  list  of  the  preferred  in  RNA-binding  sequences.  It  can  be  said  that  the 
homogeneous sector belongs in the RNP-world functions and the mixed sector in the fully 
developed nucleoprotein world. 
 
Protein conformations 
    An order of increasing complexity of protein conformations can be also correlated to the 
succession of stages of amino acid entry into the code. The full set of amino acids preferred in 
coils and turns is completed in the homogeneous sector, which is poor in the amino acids 
preferred  in  the  most  complex  of  conformations,  the  strands  that  form  the  β-sheets. Amino 
acids  preferred  in  α-helices  are  also  more  frequent  in  the  mixed  sector  than  in  the 
homogeneous sector (Table 3). 
 
Amino acid biosynthesis and possible pre-codes at the core of the matrix 
    The criterion of obedience to the routes of biosynthesis of amino acids  has 
been advocated by various authors as a guide for defining the succession of their entry into 
the  code  (see  Davis,  1999;  Wong,  2005).  Nonetheless,  the  precise  precursor-derived 
relationships  are  not  entirely  consensual.  We  simplified  this  rationale,  saying  that  the 
restrictions should refer only to the most basic of the rules of derivation: amino acids which 
are consensually recognized as derived from others belonging in the code should not precede 
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the  precursors.  Some  of  the  non-derived  amino  acids  are  considered  precursors  to 
biosynthesis  families: the  S  family (GCW),  the  D  family  (NKTIMR) and  the E  family 
(QPRK); F is precursor to Y or derived earlier in the same route to Y; H may be considered 
non-derived, coming directly  from modification of Ribulose-5-P, or derived from E or  Q. 
Accordingly, S cannot be preceded by G, C or W; D by N, T or M; T by I; E by Q, P or H; F 
by  Y;  R and  K  cannot  be  preceded  by  either  one of  D or  E.  The  other  amino  acids  not 
belonging  in  these  biosynthesis  families  are  derived directly from  the  glycolysis  pathway 
(VLA) or are the most abundant pre-biotically (GA).  
    Our staging is entirely compatible with the biosynthesis derivation rules, with the single 
exception of having Pro in Stage 1 while its precursor Glu is placed in Stage 2. Fortunately, 
obedience to this requirement contributed positively to the staging, placing only Ser and Gly 
in Stage 1, and both coherently octacodonic, Pro (the final code) having substituted Gly (a 
pre-code) in the GG box at Stage 2a. This restricted set of Stage 1 amino acids is also backed 
by their biosynthetic relatedness, Ser being the biosynthetic precursor to Gly (Davis, 1999). 
Ser is placed among the most interesting pre-biotic amino acids by Nanita and Cooks (2006) 
due to its peculiar ability to form clusters with chiral selection. The last of the non-derived 
amino acids to enter the code are His and Val, in Stage 3b.  
    Another consideration derived from the biosynthesis rationale also contributed positively 
to the staging,  namely  the proposal that Arg  can be considered an ‘intruder’ in the  code, 
substituting  for  a  previous  amino  acid  (see  Osawa,  1995).  The  first  proposal  for  the 
predecessor to Arg was of Ornithine, which is in the biosynthesis routes for Arg, but various 
others have been added to a list of putative predecessors (see Jimenez-Montaño, 1999). In the 
attempt to gather the most of biochemical precedents, adding the least of theoretical novelties, 
the list should be simplified to contain only amino acids already belonging in the code. We 
consider the calculations (see Osawa,  1995)  on  codons that are more frequently  used  in 
proteins than predicted from the codons available in the code (Lys > Asp > Glu > Ala; Lys is 
the most overused) and on the codons that are less used in proteins than predicted (Ser > Leu 
> His > Pro > Arg; Arg is the most underused). From these calculations, Lys would be a good 
candidate due to its basicity, but we propose it to have been Ala, in spite of the different 
biochemical character but based on the palindromic pairing mechanism. The early coding of 
Ala would have been octacodonic (NGC : NCG), in the same manner as the other pair of 
boxes in the core (NCC : NGG) are considered to have coded for Gly. Ala has also been 
considered a ‘filler’ in protein sequences (see Osawa, 1995), relatively neutral due to its small 
side chain. Our proposal helps to explain the data on the overuse of Ala codons in present 
proteins: it had  a greater number  of  codons  earlier  but had  them reduced after the Arg 
intrusion. The substitution of Ala-CG (in the pre-code) by Arg (the final code) occurred, in 
our scheme, at Stage 3a. 
  These suggested pre-codes could be tested in studies of variant codes; there are known 
cases of losses of Arg codons with still unknown destinations (see below). They could also 
satisfy other authors proposing both Gly and Ala to have been early in the code due to their 
being the most abundant amino acids in abiotic syntheses (see Trifonov, 2004). It is accepted 
that their abundance might have forced their aminoacylation by tRNA dimers, resulting in the 
formation of the octacodonic attributions. Accordingly, the whole core of the matrix and the 
whole set of the hydropathy outlier attributions would have passed though a fully octacodonic 
pre-code stage. 
  The model is concentrated on the proposition of a succession of steps that fills the matrix 
with the correspondences as they are in the standard code. Nonetheless, we may also consider 
other possible functions of the proteins being made. Among the whole population of dimers 
engaged in protein synthesis, some were being recruited and fixed into the code but others 
could be contributing in parallel to the enrichment of the metabolic system. The model cannot 
evaluate all these accessory components but it can suggest a new perspective for interpreting 
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the proposition of the co-evolution between the formation of the codes and the development 
of amino acid biosynthesis routes, i.e. of protein synthesis working as a pulling force for the 
development of amino acid biosynthesis. When the transferase function works as a sink of 
amino acids, any developments able to regenerate the amino acids being consumed will be 
favored.  For instance, when  the GPS group is being  utilized for the first codings, it  is 
indicated that the first biosynthetic routes to be more strongly pulled will be those generating 
Ser (from 3-P-glycerate) and for the derivation from Ser to Gly, and those generating Glu 
(from α-keto-glutarate) and for the derivation from Glu to Pro (see Davis, 1999).  
 
The proteic synthetases 
    The tRNAs are considered better guides for developing a model for the structure of the 
code on the basis of their forming an evolutionarily more conserved class of molecules when 
compared to proteins in general, that exhibit enormous plasticity. On another side, the overall 
plasticity  inherent to all kinds of molecular interactions, including  those involving  nucleic 
acids, only rarely approaching 100% specificity, leads to spreads that inevitably conduct to 
the formation of networks. The  study  of the genetic  code will still need to consider other 
components of RNA plasticity, such as the role of the non-palindromic tRNA pairings, of the 
high anticodon degeneracy of eukaryotes, the richness of base modifications in tRNAs, and 
the differential usage of codons and of anticodons. 
  Nowadays, there is one synthetase per amino acid. Both tRNAs, for elongation with Met or 
initiation with iMet, are charged by the same synthetase. The enzymes are grouped in two 
classes, each composing a homology family bearing a conserved domain for interaction with 
the acceptor arm of tRNAs and for their charging with the amino acid. The acceptor arms of 
tRNAs have some identity sites (operational codes; Schimmel, 1995) but other identity sites 
may be spread along the tRNA sequences, at places other than the anticodon triplet. Besides 
the conserved domain characteristic of the synthetase class, other domains are responsible for 
binding and recognition of the specific tRNAs. Class II docks on the acceptor arm of tRNAs 
through the major (more external) groove of the double helix while class I docks through the 
minor groove, reaching more directly the bases. Through this double approaching mode, the 
identity sites on the acceptor arms may be fully explored (Pouplana and Schimmel, 2001). 
The docking mechanism has a biochemical correspondence with the site of acylation on the 
hydroxyls of the ribose in the terminal adenosine of tRNAs: class I acylates typically the 2´ 
OH and class II typically the 3´ OH. We indicate that a network is formed when the two aRS 
classes share the tRNA set defined by one pDiN (Table 6). The topology of this network will 
form the core of a larger one, incorporating the variety of other functions and interactions of 
the aRS in the cellular network (Quevillon et al., 1997; Simos et al., 1998; Ibba et al., 2005). 
    Amino acids form groups of chemical or structural relatedness, partially correlated with the  
synthetase classes and groups (Table 7; see Pouplana and Schimmel, 2001). Class II enzyme 
pockets accept seven of the eight small or medium amino acids, only Cys being medium and 
class I. The twelve large amino acids are typical of class I (nine of them) and of the mixed 
sector (eight). The four large amino acids in the homogeneous sector are the couple of Glu 
and Leu (class I in the UC : AG pair) and the largest, Lys and Phe, correspond to the atypical 
acylation systems (in the UU : AA pair). 
    The anticodonic 5’ Y are typical of class I (Table 7), irrespective of the aRS class at 5’ R, 
and of the specific punctuation. The 5’ Y location is the result of concessions from the first 
occupiers of the boxes: (a) From class I to class I or punctuation: Ile conceded to Met and this 
to iMet; Cys to Trp and this to X; Tyr to X; (b) From class II to class I: His to Gln; Asp to 
Glu; (c) From class II to the class I expansions: Phe to [Leu]; Ser-CU to [Arg]; (d) From Asn 
class II to the atypical LysRS system: the class I which occurs in some organisms (many 
Archaea  and  a  few  Bacteria)  follows  the  rules  above  but  the  class  II,  occurring in  other 
organisms, is considered atypical. 
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The atypical acylation systems   
    Two  acylation  systems, for Phe and Lys, are atypical, each in a  different way. It  is 
indicated that the atypical character is consequent to the large size of Phe and Lys relative to 
the class II enzyme pocket and to  the  amino  acids  being at the extremes of hydropathies 
(Tables 3 and 7; Guimarães, 1998), and that the development of the atypical behavior was 
consequent to a historical event of class I duplications being not available at the times of 
fixation of these two attributions while class II enzymes were available and adopted the large 
amino acids. The atypical couple was fished by the last of the tRNA pairs of the homogeneous 
sector. The PheRS is class II but acylates the 2’ hydroxyl of the terminal adenosine of the 
tRNA, which is the class I mode of activation. The high hydrophobicity of Phe required a 
conformational change in the enzyme, to achieve its peculiar mode of acylation. The LysRS is 
class II in Eucarya and most Bacteria, and class I in many Archaea and a few Bacteria (Ibba et 
al., 1997), where a class I duplication was available at the time of the incorporation of Lys to 
the  system.  The  class  I  LysRS  fulfills  the  class  I  or  punctuation  homogeneity  of  all 
attributions to 5’ Y of complex boxes; the 2’ acylation, typical of class I enzymes, fulfills the 
homogeneity of all attributions to the central A column. LysRS class II is the only enzyme of 
the class to adopt the 5’ Y triplets in complex boxes. It is concluded that both the class II 
PheRS and LysRS should be considered atypical. 
  The Selenocysteine (Sec) and Pyrrolysine (Pyl) attributions are punctual additions to the 
amino acid repertoire, called recoding (Baranov et al., 2003). Stop codons occurring internally 
in some mRNAs are decoded via suppressor tRNAs and utilize specific charging systems. 
They are also cases of atypical location of aRS class II on 5’ Y anticodons. The AGU Stop 
codon  is decoded by  a tRNA
Sec
  and  charged  by the  normal  SerRS  class  II,  and  the  Ser-
tRNA
Sec
 is transformed into the Sec-tRNA
Sec
. The GAU Stop codon is decoded by a tRNA
Pyl 
and charged by either a PylRS or a ternary complex formed with LysRS class I and class II; in 
the latter case, the Lys-tRNA
Pyl
 would be transformed into the Pyl-tRNA
Pyl
 (Polycarpo et al., 
2004). 
 
Regionalization and plasticity of synthetases 
    The regularities detected in the distribution of the aRS classes in the matrix are shown in 
Table 8. The combinations with the least deviations are: the central A plus the YR quadrant, 
typical of class I, deviants being only the HisRS class II and the atypical PheRS; the central G 
plus the YY quadrant, typical of class II, deviants being only the GluRS class I, the LysRS 
class I of some organisms and the ArgRS expansion. The division in sectors produces a wider 
spread: three class II (Ala, Thr, His) spread to the mixed sector, which is typical of class I; 
two class I (Glu, Leu) plus the expansions spread to the homogeneous sector, which is typical 
of the class II and the atypical acylation systems. The contribution of synthetase classes to the 
building of an architecturally integrated network derives also from their specificities for the 
central purines, which do not distinguish the sectors: class II unites all central G boxes and 
class I the central A boxes. Further contributions derive from their spreads which were mostly 
due to the central Y ambiguity. The spreads become the norm rather than errors or deviations. 
One of the main roles of proteins is on this plasticity side, of contributing more strongly than 
nucleic acids to the formation of networks and of being highly open to regulatory modulation. 
    A  large gap is highlighted  between what can be proposed for the  constitution  of the 
primeval protein modules, peptides composed by the nine amino acids of the homogeneous 
sector  of  the  code,  with  the  predominant  aperiodic  conformation,  and  the  complex 
organization  of  the  synthetases,  that  will  be  difficult  to  fill.  Various  changes  in  the 
composition  and  genomic  organization  of  the  synthetase  sets  are being  discovered,  the 
majority occurring in the Archaea, which may help in tracing earlier states of the code. An 
intriguing  feature  of  the  collected  examples is  the high number  of  occurrences  involving 
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members of the families of amino acids derived biosynthetically from the acidics of the 
NUC box: Glu (Gln and Pro) and Asp (Asn and Lys). Arg also enters the list due to being 
derived from either  one  of  the  acidic  amino  acids and  to  being  supposed  to  have  had  a 
predecessor. 
  Some of the intermediate steps may be called expansions of the aRS specificities. In some 
organisms,  synthetases  may  accept  tRNAs  which,  in  the  standard  code,  are  charged  by a 
different enzyme. AspRS may accept the tRNAs for Asn to form Asp-tRNA
Asn
 and this will 
later be transformed into Asn-tRNA
Asn
 by an amidation enzyme. The same occurs with the 
GluRS, that accepts the tRNAs for Gln to form Glu-tRNA
Gln
 and this is transformed into Gln-
tRNA
Gln
 by another amidation enzyme. There are many bacterial lineages that still keep the 
Glu-tRNA
Gln 
pathway for charging Gln, and it has been proposed that a separate GlnRS arose 
first  in  the  eukaryotic  lineage,  later  being  transfected  to  some  of  the  bacterial  groups 
(Skouloubris et al., 2003). Another instance of a synthetase with expanded specificity that 
remained fixed as such in the standard code is the MetRS, that also charges the tRNA
iMet
. 
Some archaea lack a separate CysRS and the charging of the tRNA
Cys
 is achieved by a class II 
ProRS, which  is ambiguous or bi-functional (ProCysRS; Stathopoulos et  al., 2000;  Yarus, 
2000). In most eukaryotes, the ProRS and GluRS are fused into a single polypeptide, which is 
another case of bi-functionality (Berthonneau and Mirande, 2000). 
 
Specificity and timing the entrance of synthetases 
    The  scenario  displayed  by  our  staging  model,  which  is  concerned  mostly  with  the 
acquisition of the present configuration of the standard anticode, indicates a faster encoding 
by class II duplications, which explored vastly the ample space of codes available in the early 
phases. They predominate strongly in the homogeneous sector, albeit limited by its specific 
tRNA and amino acid binding modes. Class I enzymes predominate in the mixed sector but 
their numbers only equilibrate with the class II numbers in the last stage. The wide-range 
asynchrony  of  the  two  aRS  classes  has  a  counterpoint  in  the  short-range  concerted 
duplications  inside  each  of  the classes  (Table 6),  indicating  the  occurrence  of coupled 
historical inductions possibly related to the entrance of the tRNAs in pairs. 
    Data in Table 8 summarize the indicated specificity and spread of the synthetase classes, 
which run strictly through the columns. Class II occupies fully the central G and central C 
columns, including the proposed early occupier of the CG box (Ala) and the first occupiers of 
the CA and CU boxes (presently attributed to the 5’ G triplets), respectively Cys and Ser, the 
first through the dual-specificity ProCysRS. Class I occupies fully the central A and central U 
columns. The homogeneity in the central A column includes the atypical PheRS and refers to 
the  2’  mode  of  acylation,  the  class  I  mode.  In  the  complex  central  U  boxes,  class  I 
corresponds to the second occupiers, in the 5’ Y triplets. 
    Most of the spreads correspond to central Y ambiguity, class I spreading to the central C 
and class II to the central U columns. Class II spreads were to the first occupiers (presently 
receded to 5’ G) of the UG (His), UC (Asp) and UU (Asn) boxes, plus the atypical pair UU 
(Lys) : AA (Phe). The dispersion of class I replaced various early class II attributions, such as 
the dicodonic expansions of Arg and Leu (following the rule of 5’ Y concession to second 
occupiers  of  boxes),  and  the  homogeneous  sector  ended  up  with  a  greater  mixture  of 
characters  than the mixed  sector.  Nonetheless,  the  homogeneous  sector  maintained  a  neat 
regularity in the attribution of enzymes of the same class to all tRNA pairs: the hydropathy 
outliers occupy two pairs with class II; the other two have either the couple of class I (EL) or 
the couple of  atypical acylation  systems (KF).  We take  these regularities,  clearer in the 
homogenous than in the mixed sector, to indicate that characters of the paired tRNAs may 
have guided the fishing of aRS of the same class. Such regularity was partially eroded in the 
mixed sector. Couples of class I aRS can be seen only in the UG (Gln) : AC (Val) and in the 
AU (Ile, Met) : UA (Tyr) pairs, while the CA (Cys, Trp) : GU (Thr) and the CG (Arg) : GC 
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(Ala) pairs became class-discordant after the class I displacement of the previous class II 
occupiers of the CA (ProCysRS) and of the CG (AlaRS) boxes. The latter two substitutions 
were the main symmetry-breaking events to the configuration of the code. 
    The  mechanism  of  formation  of  the  code  by  the  fishing  of  complementary  tRNA 
anticodons is entirely consistent with the aRS class specificity for the complementary central 
bases, only adding a further specificity, namely that the complementary anticodons are of the 
perfect palindromic kind.  These observations are  not immediately apparent from the plain 
observation of the overall distribution of synthetases and amino acids in the matrix. Only two 
diagonally-related pairs of boxes show unambiguous sets of synthetases of the same class, of 
class II in the NGG : NCC pair and of class I in the NAU : NUA pair, which we place in the 
first and last stages of formation of the code, respectively.  
 
Evolutionary code variants and the hierarchy of codes 
  Variant codes are  alterations affecting all proteins of  the organisms or  organelles, with 
redistribution of the pre-existing degeneracy.  No  case is  known of full loss of any of the 
attributions, so that the standard configuration of the code is preserved, and our model 
survives also this test. The general mechanism is of a decoding system developing expanded 
capability (most frequently due to post-transcriptional modification of tRNAs, that become 
able to decode new codons, plus their acceptance by the synthetases, or ribosomal changes), 
substituting the previous meaning of one or more codons (the donor codons). The variants are 
considered to have developed after the standard code was formed, due to being dependent on 
changes  in  various  components  of  the  decoding system, which  require complex genomes, 
containing sets of tRNA-modifying  enzymes,  besides ribosomes and the synthetase set. In 
each type or occurrence of a change, the expansion of the decoding system may be preceded 
or followed by the loss of the former meaning of the donor codon. When it is preceded by the 
loss of a codon (e. g., in  genomes with strongly biased base compositions, such as in the 
mitochondria and in the firmicute bacteria) or of its meaning (e. g., loss of tRNA-modifying 
enzymes), it may be said that the expansion is an event of compensation for the loss. Genomic 
minimization  or simplification is also indicated to be  a causal mechanism, evidenced in 
mitochondria  and  in  the  firmicute-derived  mycoplasmas.  This simplification  may be  only 
possible thanks to a support provided by the more complex coding systems of host cells. 
  It  is indicated that the changes  observed (Table  9)  are  those  that could  be tolerated, 
occurring  upon  attributions  that  are  more  expendable  and  less  crucial  to  physiology. 
Attributions not tolerating losses, that became essential to all organisms and organelles, are in 
three of the complex boxes (Phe, [Leu]; His, Gln; Asp, Glu) and in the five simple boxes of 
the non-hexacodonic attributions (Pro, Gly, Val, Ala, Thr). The high prevalence of changes in 
the punctuation boxes is  possibly  due  to  the  complexity  and plasticity  of  the  punctuation 
mechanisms,  involving  the  protein  factors.  The  high  frequency  of  changes  in  the  box 
containing the dicodonic components of the hexacodonics Ser and [Arg] indicates that these 
attributions are less crucial to physiology and more expendable than other codes. The only 
type of change that seems exclusive to eukaryotes, occurring in various lineages, is the UAR 
Stop to Gln. 
  We indicate that the functional hierarchy corresponds to a temporal hierarchy: attributions 
fixed earlier became more tightly integrated to other components of the physiological network 
(as hubs), and therefore more difficult to change. The later attributions would be more loosely 
coupled to  the network, therefore  more expendable. The  more widely connected  earlier 
attributions would be also more apt for adopting extra codes. Evidences for the physiological 
and  temporal  hierarchy  are: (a)  The  vast  majority  of  the donors  are  the  5’  R codonic 
attributions; there are only two losses of 5’ Y codons (AGY Ser). (b) Stop codons changed 
most frequently to amino acid attributions, there being only two occurrences of the reverse 
path (AGR [Arg] or UCA Ser changing to Stop). (c) Codons with 5’ R changed to the 5’ Y 
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meanings (UGA Stop to Cys, UAA Stop to Tyr, AGR Arg to Ser, AAA Lys to Asn), there 
being no  example of the reverse path. (d) The changes between the 5’ Y  go  in  the  same 
direction (UGA Stop to Trp, the AUA exchanges between Ile and Met). (e) Other examples of 
changes between different boxes are also from late fixations conceding to earlier ones (AGR 
[Arg] to Gly, AGY Ser to Gly, CUG Leu to Ser), there being one example of the reverse path 
(CUN Leu to Thr). The general panorama of the changes can be interpreted as loss  of 
complexity of the matrix or reversal to simpler or earlier states. 
 
III) Discussion 
 
The systemic concept of the gene 
  Nucleic  acid  molecules  may  be  taken  as  mere  physical  entities,  very  interesting  in 
themselves, especially due to their ability for the templating of replicas, but this property is 
not exclusive to them. Being a gene is a very different attribute, derived from the embedment 
of nucleic acid molecules in a biotic system where, besides replication, they can template for 
the synthesis of proteins through a code. 
  If this were the only process involved in their participation in the bio-world, the outcome 
would be dispersive: functions of the proteins would conduct mostly to interactions with the 
outer environment. Our investigation of the process of formation of the code is rooted on the 
perspective that protein  functions should also  feed back positively  upon the nucleic acids, 
thereby providing for a double link between genes and proteins (an inspiration to these ideas 
is  in Bloch  et  al., 1984, 1989), and  both  links  being  of  equal weight.  When  RNAs  were 
demonstrated to be better candidates for the primeval nucleic acids, instead of the intrinsically 
more stable DNA molecules, the definition of the principal function of early proteins could be 
pinpointed to stabilization of the RNA. 
  These  processes  involving  molecular  affinities,  replication  and  differential  physical 
stability should be considered  in  the  realm of the self-organization of systems (see the 
categorization of systemic approaches in Di Giulio, 2005). The extension of the Darwinian 
concept of natural selection to the molecular world in the origins of life only adds confusion; 
it should be reserved for the definitely biologic process of differential reproduction of cells 
and  organisms.  In  the  present  context,  it  is sufficient  to  say  that  self-stabilizing  and  self-
constructive systems grow faster and remain longer, or the term ‘molecular selection’ should 
be adequately quoted. 
  In fact, we succeeded in showing that the genetic code organization presents clear signs of 
the relevance of the mechanism of RNA stabilization by  proteins for  fixation of the early 
attributions. This process established a stable nucleus (fixation of the GPS group of amino 
acids) around which the whole system could have developed. The temporal order of the stages 
in the model indicates the  order of  fixation of the paired  boxes considering their final 
configuration in the code. The perspective of starting with a core, which grows outwards in all 
directions, differs from many of the technological models, attempting to sequentially lengthen 
and branch the chains of reactions in the clean test-tube chemistry. The process obviously 
includes  the  minimization  of  deviations  from  chemical  norms  or  specificities,  possibly 
starting with less  specific  and  advancing to  more  specific  catalysts,  and  may be  modeled 
through the engineering optimization principles.  
  We would like to consider that the process of formation of the RNP  genetic system as 
modeled here may be called self-cognitive, the term describing the reflexive and stimulatory 
association of the protein products to exactly the same RNAs involved with their production. 
The  term cognition is  derived from human  communication  affairs, among  themselves  or 
between  humans and  the  environment,  and  spread  into  the  realm  of  zoology.  However, a 
correlate  of  it  is frequently  used  by  biochemists,  relative  to the molecular  specificities of 
interaction, when saying that a substrate with high affinity to an enzyme, and this, are cognate 
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to each other. When the binding of a stable protein occurred to a non-cognate RNA – which 
did  not participate  in its  synthesis  –  a  self-maintaining system  would  not  be  formed.  So, 
cognition is indicated to be at the basis of the productive and positive consequence or result of 
an interaction. 
  When we said (Pardini and Guimarães, 1992) that ‘the system defines the gene’, still based 
on observation of the large amount of evidence of the ambiguity of genetic sequences, we 
were duly asked (J. D. Watson, 1995; personal communication) to clarify the workings of the 
system. We can now offer some molecular details. The genes are defined by the two-way 
processes  that  construct  the  genetic  system:  they  produce  proteins  that  are  meaningful  to 
them, that is, when the proteins help them to become stable and to be integrated in a system. 
The nucleoprotein system is constructed by the circular or reflexive association, through the 
coding (digital, letter by letter) and through the stabilizing connections (analogic, based on 
sequence patterns), and both are important to the same degree. 
  It happens as if the nucleic acids were, surprised (Guimarães, 2002), telling to the proteins 
– ‘you are my life!’ – at the same time when the proteins were, equally surprised, telling to 
the nucleic acids – ‘you are my genes!’. The definition of the producer by the product, in the 
present case, of the genotype (memory with code) by the phenotype (meaningful product), is 
just one specific case of a general process. For instance, in the building of some sentences in 
human languages, words are added sequentially but the precise meaning of the sentence is 
only reached when the last words are known; the last words are needed so that the first may 
be adequately chosen and correctly understood. The connections between the initial and final 
segments are multiple, simultaneous and entangled in the circular configuration. 
  The former protein-first ‘or’ nucleic acid-first hypotheses (see Guimarães, 1994) are now 
changed into proteins ‘and’ genes together. When asking about the formation of systems, the 
question of which component came first is not relevant. The intelligent question is how the 
components became associated and integrated in a system. A piece of nucleic acid may be a 
gene for the systems that are able to accept it productively, but not for those where that piece 
is not productive, due to deficiencies in any of the processes of the circular associations. So, 
the definition of the gene is relative to its belonging in a system, not absolute to a piece of 
nucleic acid, although the universality of the genetic code might tempt us to believe so. 
 
Stability, abundance and strings as driving forces 
  We  appreciate  the  description  of  the  forces  of  nature  by  the vacuum  or  the  topologic 
metaphor, as if matter is drained or sucked down towards the eye of a sink or falls down along 
the slope of a hill, thereby reaching a more stable state. There is no need to discriminate some 
specific more important pushing or pulling forces, the best being to indicate the existence of a 
difference  or a  gradient from  a  less  to a more stable  state,  and both  types  of  forces  are 
important. The  argument allows  a rationalization of  the  polymerization  of  proteins  or  of 
nucleic acids being effective for the maintenance of metabolic cycles or networks. 
  In the origins of the genetic code, the consideration is clear that formation of peptide bonds 
works as a sink of aminoacyl-tRNAs, against their being maintained as tRNA dimers. Another 
instance of the fundamental participation of the force of stability or abundance in driving the 
evolution of the system is at the origin of the template strings for translation. The coding 
system passed from the stage where, in the tRNA dimers, codons and anticodons resided in 
the  same  structures  while,  after  the  stabilized  poly-tRNAs  could  work  as  or produce  the 
template strings (mRNAs), the codon function became separated from that of anticodons. 
  In  the  maintenance  of  metabolic  networks,  the  forces propelling  the  system  may  be 
considered to converge on the environmental sink of diluted products. The metabolic fluxes 
are kept on going only when the products are being continuously transformed so that they do 
not accumulate and would force the reactions in the reverse direction; they are either stored in 
a different form or structure, or are secreted/excreted from the biotic compartment. 
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  The formation of long RNA strings is not only a possibility opened by the stabilization 
of RNAs by proteins. Their production is enforced by the greater efficiency of elongational 
replication and  of  templated  protein  synthesis.  Stable  strings work  as  sinks  that  consume 
tRNAs and amino acids. Their elongation drives the fixation of the dispersed components of 
the network into mRNAs,  ribosomes and proteins, with dissipation of the whole space of 
codes to fill the matrix. The formation of strings also introduced other forces contributing to 
the structuring and coordination of the system. When tRNAs are replicated separately and 
independently from each other, the formation of the dimers in solution is dependent on mutual 
affinities  and  on  the  facilitation  by  external  compartmentalization  but  also  subject  to 
fluctuations in concentrations,  that  may be inhibitory if not equilibrated. At  elongational 
replication, the complementary tRNAs are linked in tandem, lowering the requirements on 
external compartmentalization, and are  synthesized coordinately,  with  lower probability of 
generating conflictive concentrations. 
  In considering other possible functions of the proteins being made during the process of 
formation of the code, which should contribute to the enrichment of the metabolic system, it is 
justified here to concentrate on the role of protein synthesis as a force driving the fixation of 
the pathways of amino acid synthesis. This leads to a reinterpretation of the proposition of the 
co-evolution between the formation of the codes and the development of biosynthesis routes, 
namely  that  the  latter  were  pulled  by  the  protein composition.  Instead  of  saying  that  the 
availability of amino acids drove the chronology of their incorporation into the code, it is 
indicated  that  the  composition  and  the  structure  of  proteins,  dictated  mainly  by  their 
functionality in the nucleoproteic system, oriented the fixation of the codes and of the routes 
of biosynthesis. 
 
Memories for self-production 
  The relative autonomy of bio-systems with respect to environmental fluctuations, allowing 
them  to  maintain  stable  phenotypes  and  identity  along the  passage  of  time  and  of  the 
generations, requires the possession of memory structures  –  structures providing for the 
regenerative abilities. We would like to consider that both types of memories discussed in this 
study of the genetic code formation are of the same basic kind of cyclic structures: memory in 
cycles. Cyclical routes inside the metabolic networks, besides being important due to the re-
cycling and self-activation properties are also similar to attractors, due to being activated at 
high frequency by the network. 
  In the origin of the coding system, the stabilizing role of the proteins upon the nucleic 
acids composes a cycle of self-stimulation and the best term for the role of the nucleic acids is 
that of a memory structure – memory in strings. Mechanisms of this kind could be interesting 
for robotic engineering: the outcomes would be programmed with binding elements that could 
help them to attach to the producers and cognitively reinforce their connections, so that a 
string memory is created and maintained. This is different from the memories in Artificial 
Neural  Networks.  It  will  be  interesting  to  look  for  counter-examples,  of  systems 
demonstrating self-referring properties that lack some kind of memory. 
  When the role of genes is established as a type of memory, produced inside and by the 
system, it becomes also clear that the distinction between genotype and phenotype is only 
didactic and descriptive of the top-down approach to physiology. It could be considered that 
genes are an integral part of the metabolic system and that this is the basic unit of the living; 
the phenotype is the whole system, including its memory structures, be they in the ‘classic’ 
part of metabolism or in the ‘molecular biology’ part. 
 
What is life 
  The definition of life proposed earlier (Guimarães, 2002) can now be made clearer: life is 
the  process  of  stabilization  and  self-construction  exhibited  by  individualized  metabolic 
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systems. The material and architectural aspect resulting from the self-constructive process 
is highlighted. Cells or organisms with suspended metabolism, frozen or dried, or dead and 
fossilized,  can be  recognized  on morphological  bases  alone.  It  is  proposed  that  any ‘self’ 
process depends on the formation of memory-systems and become irrevocably bound to them, 
and  to  their  evolution.  Memories  are one  step  further  from  simple  stability  properties, 
allowing for repetitive processes. 
  The string memory, when built in the form of nucleic acids, and more stably in the form of 
DNA,  acquired also a  striking expansive property. Stabilized  elongation of chains, mainly 
through  the process  of  incorporation  of  duplicates,  with  variations,  is  among  the  most 
important  evolutionary  processes,  leading  to  increased  genome  sizes  and  to  the  large 
diversity. Functionality comes about through the coding machinery and the products feeding 
back upon the producers. Further expansion  is obtained through the processes of multiple 
coding by the genetic sequences and of the multiple and plastic functions of the products in 
the metabolic networks. 
  The two  expansive  components, the  genetic and  the  proteic, each  have some attributes 
exclusive to them and with some autonomy of their mechanisms and dynamics, in spite of 
being  kept  irrevocably  interdependent  and  integrated.  The  differences  between  the  two 
components are clear when their community-forming processes are compared. Parts of the 
genetic  memories  may  be  interchanged  and  recombined  between  organisms,  from  the 
segmental horizontal transfers, now plainly utilized for production of modified genomes, to 
the sexual transfer of whole genomes. The workings of the DNA memory compartment are 
widely  blind to  the  quality  or  source of  pieces  coming in.  The networks and  phenotypes 
communicate more plastically and variably, mostly through chemical means – the prionic-
type transfers being possibly limited – and behaviors, but also up to the linguistic symbols. 
Networks and phenotypes are the places where expressions of the memory are put to tests, at 
their  integration with  the other components of  the networks and  at the interactions of the 
phenotypes  with  the  environment.  The  expansive  character of  the living  systems  may  be 
compared to the Big-Bang of cosmology. It is indicated that the biotic DNP world, mainly 
composed of unicellular forms, occupied the whole Earth surface in a very fast and almost 
explosive Big-Bio-Bang.  
 
Information 
  It seems impossible to refrain from using the term information in the biologic realm, and 
advisable to clarify and propose how it could be best understood and applied. It is utilized in 
two  complementary  contexts,  referring  to  the  internal  workings  of  the  cell  and  to  the 
interactions  between  the  cells  or  organisms  and  the environment.  The  term  is taken  from 
human  affairs  (as  with  the  term  cognition),  but  also  in  different  contexts,  when  we 
communicate  with  others  or  interact  with  the  environment,  and  is  extendable  to  all 
interactions of living beings with others or with the environment. 
  A general definition of information can be taken as the property of a pattern that can be 
distinguished  from  noise.  This  is  equivalent  to  saying  that  information  is  a  difference 
(between a clear pattern and a noisy one) that makes a difference, and making a difference 
implies  that  the  observer  is able  to discern  what  matters  and what does  not  matter. The 
distinguisher  is an  observing  or  interpreting  system,  so  that  information  is  the  relational 
quality of an object, defined by the system and relative to it. The pattern has some meaning to 
the system because it has receptors and processors that invoke reactions in the system.  
  The adequacy in the connection between the workings of the system and the inputs comes 
from the possibilities opened by the system´s receptors. The induction of a reaction (meaning) 
by an interaction (information) is only possible when there is some kind of preparedness of 
the receptor to the input – the receptor discriminates what is and what is not informational. 
This is equivalent  to  saying  that  the input  has some  previously  defined – evolutionarily 
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adjusted – meaning to the receptor. In biochemical terms, it is said that the receptor has 
some kind of affinity to the input, or that there is some kind of cognitive interaction. Objects 
display a variety of properties, distinguishing them from other objects or from noise, but only 
a subset of these is utilized in each kind of interaction, which is the informational subset of 
inputs for that particular interaction. Some interactions are not productive because there is no 
fitting between the inter-agents, the inputs having no meaning to the receptors they reached. 
The same inputs may fit other receptors or the same ones under different contexts and then 
induce a reaction, indicating that the information is not an absolute property of the inputs or of 
the  receptors,  but  a  property  of  their mutual relations.  So,  information  is  a  concept  a 
posteriori  to  an  interaction  and  is  linked  to  the  possible  outcomes of it.  A  contact  is 
informational when some reaction results. 
  The term  ‘transfer of information’ may  be misleading when  implying that something 
energetic or material is being transferred, which is not always the case; after some meaningful 
contacts,  the  effector,  agonist  or  messenger  molecule  may  remain  integrally  preserved 
(Ricard,  2004).  The  technological  treatment  of  the  process  of  transferring  signals  from 
sources  to  receptors,  through  channels  that  may  introduce  noise  (Shannon,  1948),  is 
compatible with the molecular concept. When effectors and receptors interact, their contacts 
are mediated by weak bonds, very sensitive to modulation by a variety of physicochemical 
interferences (noise), from the electronic and thermal motions to the intermingling of small 
molecules  (water, ions,  etc.),  inside  the nanometric  channel  that  separates  the interacting 
molecules.  However,  the  Shannonian  concept  of  information  admittingly leaves  aside the 
question of meaning. 
  The application of the term is quite clear in the human communication context, through 
languages, but there are some gradations and quantitative possibilities in the outcomes of the 
events, that need to be qualified for clearness. Some prescriptive or normative instructions are 
almost dictatorial with respect to the responses invoked, as in a master-slave relationship or in 
digital computing. Others may be more democratic and respectful of the receptors, which may 
have some freedom to interpret the instructions and react accordingly. Some prefer to reserve 
the term informational to the interactions of the latter kind, the former being too mechanicist 
for their taste. 
  In the cellular context, there are also both kinds of reactivity. The almost dictatorial type is 
seen in the flow of string information, from genes to the  primary sequence  of  proteins, 
through  the genetic  decoding machine.  The  order  of  nucleotides or  codons  in  a  template 
becomes translated almost automatically into that of amino acids in the protein. The more 
democratic type is seen in all other components of the plastic metabolic network, from gene 
regulation to the interactions between the cell and the environment (Markos, 2002). This is a 
job  of  mainly  the  proteins,  when  they  mediate  the  interactions  of  the  system  with  the 
environment, gene activation or repression, the processing of the transcripts, the timing and 
quantity of translation, so configuring the bulk of the phenotype. 
  In our model for the process of formation of the genetic code, string information arises 
during  the process, when protein  synthesis passes  from the tRNA dimer-directed to the 
template-directed  or  translational  mode,  and  this  occurs  in  dependence  of  the  protein 
properties that helped molding and structuring the code. In this context, protein properties 
define the character of the working system and the genes are just the memories, adequate for 
the  maintenance  of the system.  The  genetic memory is  a store  of  string  information  for 
repetitive production of the primary structure of proteins. 
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Table 1. The standard genetic code matrix. 
  The order of bases follows the increasing hydrophobicity: U<C<G<A. The 3’ base of 
the triplets may be generically designated by W (wobble) or N. In the main initiation codon 
(iMet) and the other less frequent initiators (not shown), the wobble position is the 5’ base. [ ], 
the dicodonic components  of  the  hexacodonics  Arg  and  Leu. The  principal  dinucleotides, 
pDiN, of the triplets exclude the W position and identify the boxes. These are grouped in 
quadrants and sectors: pDiN with two R or two Y are called homogeneous; those with an R 
and a Y are called mixed. 
 
 
 
Columns 
Central U 
 
Central C 
   
Central G 
 
Central A 
Rows  Quadrants 
Homogeneous pDiN YY 
 
 
 
 
Mixed pDiN YR 
5’ U  UUU 3’ Phe, F 
UUC  Phe, F 
UUG   [Leu] 
UUA   [Leu] 
 
UCU 3’ Ser, S 
UCC   Ser, S 
UCG  Ser, S 
UCA  Ser, S 
  UGU 3’ Cys, C 
UGC Cys, C 
UGG Trp, W 
UGA Stop, X 
UAU 3’ Tyr, Y 
UAC Tyr, Y 
UAG  Stop, X 
UAA  Stop, X 
5’ C  CUU  Leu, L 
CUC  Leu, L 
CUG  Leu, L 
CUA  Leu, L 
 
CCU  Pro, P 
CCC  Pro, P 
CCG  Pro, P 
CCA  Pro, P 
  CGU  Arg, R 
CGC   Arg, R 
CGG Arg, R 
CGA Arg, R 
CAU His, H 
CAC  His, H 
CAG Gln, Q 
CAA Gln, Q 
           
5’ G  GUU   Val, V 
GUC  Val, V 
GUG   Val, V 
GUA   Val, V 
 
GCU  Ala, A 
GCC  Ala, A 
GCG  Ala, A 
GCA  Ala, A 
  GGU   Gly, G 
GGC Gly, G 
GGG Gly, G 
GGA Gly, G 
GAU  Asp, D 
GAC Asp, E 
GAG  Glu, E 
GAA  Glu, E 
5’ A  AUU   Ile, I 
AUC  Ile, I 
AUG   iMet 
AUG   Met, M 
AUA   Ile, I 
 
ACU  Thr, T 
ACC  Thr, T 
 
ACG  Thr, T 
ACA  Thr, T 
  AGU   Ser, S 
AGC Ser, S 
 
AGG [Arg] 
AGA [Arg] 
AAU  Asn, N 
AAC Asn, N 
 
AAG  Lys, K 
AAA  Lys, K 
  Mixed pDiN RY 
 
  Homogeneous pDiN RR 
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Table 2. The genetic anticode matrix. 
A)  The  eukaryotic  anticode.  The  order  of  bases  follows  the  increasing  hydrophilicity: 
A<G<C<U. The 5’ base A of the triplets is rarely present. In the initiation anticodon, the 
wobble position is the 3’ base. The absent Stop anticodons are in parentheses. Other remarks 
follow Table 1.  
 
 
 
Columns 
Central A 
 
Central G 
   
Central C 
 
Central U 
Rows  Quadrants 
Homogeneous pDiN RR 
 
 
 
 
Mixed pDiN YR 
3’ A  AAG 5’ Phe 
AAC  [Leu] 
AAU  [Leu] 
 
AGG 5’ Ser 
AGC  Ser 
AGU  Ser 
  ACG 5’ Cys 
ACC  Trp 
(ACU)  X 
AUG 5’ Tyr 
(AUC)  X 
(AUU) X 
3’ G  GAG Leu 
GAC  Leu 
GAU  Leu 
 
GGG  Pro 
GGC  Pro 
GGU  Pro 
  GCG  Arg 
GCC  Arg 
GCU  Arg 
GUG  His 
GUC Gln 
GUU  Gln 
           
3’ C  CAG  Val 
CAC  Val 
CAU  Val 
 
CGG  Ala 
CGC  Ala 
CGU  Ala 
  CCG  Gly 
CCC   Gly 
CCU  Gly 
CUG Asp 
CUC  Glu 
CUU   Glu 
3’ U  UAG  Ile 
UAC  iMet 
UAC  Met 
UAU  Ile 
 
UGG  Thr 
 
UGC  Thr 
UGU  Thr 
  UCG  Ser 
 
UCC  [Arg] 
UCU  [Arg] 
UUG  Asn 
 
UUC Lys 
UUU  Lys 
  Mixed pDiN RY 
 
  Homogeneous pDiN YY 
 
B) Symmetries in the genetic anticode principal dinucleotide matrix. 
Anticodons are simplified to the sixteen pDiN, which form eight complementary pairs. The 
axes are formed by the boxes at the core (pDiN with G- and C-only; bold) and the tips (pDiN 
with A- and  U-only; underlined). Simple boxes, corresponding to one attribution only,  are 
read as the core and the non-axial with central R. Complex boxes, corresponding to more than 
one attribution, are the tips and the non-axial with central Y. 
 
Homogeneous RR  Mixed YR 
3’ AA   3’ AG  3’ AC  3’ AU 
 GA 
 GG 
 
  GC 
 GU 
     
 CA 
 CG   CC 
 CU 
 UA   UG    UC   UU 
Mixed RY 
 
Homogeneous YY 




[image: alt]Table 3. Amino acids in the quadrants of the genetic code matrix arranged according to the model for the generalized structure of the mRNA. 
  The stage attributions (first row) refer to stages of stepwise code development (see the topic Stages Indicated by the Hydropathy Correlation). See 
Table 7 for the lateral chain size (in Å; Grantham, 1974) and hydropathy (Farias et al., 2006) groups. Stabilization of the protein against degradation 
when the amino acid is placed at the N-end, adapted from Varshavsky (1996), grades: 1, strong stabilizer; 9, strong destabilizer. Preferential location at 
the first two (N-end) or last two (C-end) positions of proteins, adapted from Berezovsky et al. (1999). Preferential location in the types of protein 
conformations from Creighton (1993). Preferential participation in conserved sites of nine RNA- or eight DNA-binding motifs or proteins, adapted from 
Guimarães and Moreira (2004): Ala D2 and R1 means that Ala is a preferential DNA-binder, being found in two D-binding motifs and one R-binding 
motif. 
 
  The N-end set, composed by the RY 
boxes of the mixed pDiN sector 
 The middle set, composed by the homogeneous pDiN sector  The C-end set, composed by the YR boxes 
of the mixed pDiN sector 
Stage  4  4  3c  3b  3a  1a  1a  1b  2a  2a  2a  2b  2b  2b  3a  3b  3b  3c  3c  4 
Amino acid  Met  Ile  Thr  Val  Ala  Gly  Pro  Ser  Asp  Glu  Leu  Asn  Lys  Phe  Arg  His  Gln  Cys  Trp  Tyr 
Hydropathy  Phob 
 
0.059
 

Phob 
 
0.029
 

Apath
 

 
0.438
 

Phob 
 
0.069
 

Mod. 
 

phob 
0.258
 

Apath 
 
0.423 
Apath 
 
0.677 
Apath 
 
0.508 
Phil 
 
0.962
 

Phil 
 
0.935
 

Phob 
 
0.066
 

Phil 
 
0.809
 

Phil 
 
1.000
 

Phob 
 
0.000
 

Phil 
 
0.982
 

Apath
 

 
0.573
 

Phil 
 
0.841
 

Phob 
 
0.111
 

Mod. 
phob 
0.325
 

Mod. 
phob 
0.361
 

pDiN 
hydropathy 
CAU 
 
0.199
 

RAU 
UAU 
0.199
 

NGU 
 
0.433
 

NAC 
 
0.189
 

NGC 
 
0.403
 

NCC 
 
0.928 
Outlier 
NGG 
 
0.196 
Outlier 
NGA: 
RCU 
0.098:1
 

Outlier 
RUC 
 
0.931
 

YUC 
 
0.931
 

NAG 
 
0.059
 

RUU 
 
0.931
 

YUU 
 
0.931
 

RAA 
 
0 
NCG 
 
0.564
 

NUG 
 
0.596
 

NUG 
 
0.596
 

RCA 
 
0.312
 

CCA 
 
0.312
 

RUA 
 
0.303
 

Amino acid 
size 
Large
 

105 
Large
 

111 
Med. 
61 
Large
 

84 
Small
 

31 
Small 
3 
Small 
32.5 
Small 
32 
Med. 
54 
Large
 

83 
Large
 

111 
Med. 
56 
Large
 

119 
Large
 

132 
Large
 

124 
Large
 

96 
Large
 

85 
Med. 
55 
Large
 

170 
Large
 

136 
aRS class  I  I  II  I  II  II  II  II  II  I  I  II  I, II*  II*  I  II  I  I  I  I 
Stabilization  1  6  2  1  2  1  1  2  4  4  9  5  8  9  8  7  5  3  9  9 
Protein end  N  Both  N  N  Both  Both  N  Both  -  Both  Both  C  C  C  C  -  -  C  -  C 
Protein 
conformation
 

α- 
helix 
β- 
strand
 

β- 
strand
 

β- 
strand
 

α- 
helix 
Aper 
iodic 
Aper 
iodic 
Aper 
iodic 
Aper 
iodic 
α-
helix 
α-
helix 
Aper 
iodic 
α-
helix 
β-
strand
 

α-
helix 
α-
helix 
α-
helix 
β-
strand
 

β-
strand
 

β- 
strand
 

Nucleic acid 
binding 
R1 
D0 
D2 
R2 
D1 
R0 
R4 
D3 
D2 
R1 
R7 
D2 
R4 
D2 
R1 
D0 
-  D2 
R1 
R5 
D3 
-  R3 
D2 
R3 
D2 
D2 
R2 
D2 
R1 
D1 
R1 
D1 
R0 
D1 
R1 
D2 
R2 




[image: alt]Table 4. Types of loops formed by  the anticodon triplets according to  the kinds of the 
lateral bases. 
  The  dynamic  structure  of  the  loops  is  ordered  from  the  predominant  extended 
configuration,  when  the  middle triplets  are  perfect  palindromic, to  those  with  the most 
frequent central base bulge, when the triplets have complementary lateral bases. Only in the 
first  case  the formation  of long-lasting  anticodon : anticodon  mini-helices holding the 
dimers together  is  guaranteed  and  the acceptor  arms are in  contact stably  enough to 
facilitate the transferase reaction; these are called the fishing triplets (in bold). The triplets 
are shown in pairs obeying the standard A : U and G : C base pairing rule. The perfect 
palindromes are necessarily concentrated in the groups of simpler base composition. After 
exclusion  of  the  5’  A,  the  5’  GNA  (imperfect  palindromes)  are  the  only  5’  R  triplets 
remaining  in  the  3’  A  row  (Phe,  Ser,  Cys,  Tyr).  The  stages  of  the  stepwise  code 
development are indicated (1a to 4; see Tables 3 and 6). 
   
Lateral bases in a triplet 
Identical 
A and G or U and C    C and A or U and G  C and G or U and A 
Triplet type 
 Palindromic    Non-palindromic 
Perfect 
Imperfect    Non-standard 
complementary ends 
Standard 
complementary ends 
Intra-sector pairs    Inter-sector pairs 
Homogeneous pDiN sector   
One kind of base   
GGG AAA 
CCC UUU 
 1a 2b 
   
 
 
(Top, homogeneous pDiN; 
bottom, mixed pDiN) 
Two kinds of bases    Two kinds of bases 
AGA GAG 
UCU CUC 
 1b 2a 
GAA AGG 
CUU   UCC 
 
  CAA  UGG 
GUU  ACC 
UAA  CGG 
AUU  GCC 
  UCC  CUU 
AGG GAA 
 
  ACC GUU 
UGG  CAA 
GCC AUU 
CGG UAA 
Mixed pDiN sector     
Two kinds of 
bases 
Three kinds of bases
 

  Three kinds of bases 
CGC UAU 
GCG AUA 
 3a 4 
CAU UGC 
GUA  ACG 
 
  UAG   CGA 
AUC GCU 
CAG UGA 
GUC ACU 
GUG ACA 
CAC UGU 
 3b 3c 
ACG GUA 
UGC  CAU 
 
  GCU  AUC 
CGA UAG 
ACU GUC 
UGA  CAG 
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Table 5. Conflicts between tRNAs directed the localization of the Stop signs.  
  The similarity between the triplet formed by the slipped pDiN of the initiation anticodon 
plus the first base of the second anticodon and the anticodons of the tRNAs corresponding 
to  the Stop  codons  indicates  that the  latter  competed  with  the  former  for the  initiation 
codons. The conflict was solved with the exclusion of the tRNAs corresponding to the Stop 
codons.  The second codons are  listed according to the criteria  of  having  5’ R  and  of 
corresponding to amino acids that are strong stabilizers of the N-ends of proteins against 
degradation. 
 
 Initiation 
 ↓ 
 Elongation 
 ↓ 
  First  Second   Third 
  iMet  Val, Ala, Gly, 
Met, Thr, Ser
CU
 
 

 Any 
Codons 5’  W U G  R Y, G W   N N W 
Anticodons 3’  U  A C  Y  R, C W   N  N W 
 
Anticodons at the 
Stop hemiboxes 
3’ A Y Y 
 
 A U U X from the Tyr box [ Deleted and substituted 
 A U C X from the Tyr box [ by the protein 
 A C U X from the Trp box [ Release factors 
 
 A C C Trp [ Retained 
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Table  6.  The  sharing  of  the  tRNAs in  a  box  by  the  different  aRS  classes generates  a 
network system. 
  The sectors are similar in being filled from the core, with both boxes simple, to the tips, 
with both boxes complex, passing through the non-axial pairs, with one box simple and one 
complex, these sharing the two aRS classes. The sectors differ in: the homogeneous pDiN 
core is class II-only and the tips share the two classes; the mixed pDiN core has both aRS 
classes and the tips are class I-only. The full tetracodonic degeneracy of the first occupier 
of the Phe, His, Cys and Tyr boxes is not strictly necessary due to both the fishing and the 
final triplets being 5’ R; it is necessary in the Ser
CU
 , Asp, Asn and Ile boxes due to the 
fishing triplets being 5’ Y while the final state is 5’ R. 
 
Fishing triplet  Degeneracy  Concession
 

aRS class  Box type 
Homogeneous pDiN sector 
1a 
Gly CCC  NCC      II    Simple 
Pro GGG  NGG      II    Simple 
1b 
Ser AGA  NGA      II    Simple 
Ser UCU  NCU  RCU    II   
    YCU  [Arg]    I 
Complex 
2a 
Asp CUC  NUC  RUC    II   
    YUC  Glu    I 
Complex 
Leu GAG  NAG        I  Simple 
2b 
Asn UUU  NUU  RUU    II   
    YUU  Lys  II*  I 
Complex 
Phe AAA    RAA    II
2’
   
    YAA  [Leu]    I 
Complex 
Mixed pDiN sector 
3a 
Ala CGC  NGC      II    Simple 
Arg GCG  NCG        I  Simple 
3b 
His GUG    RUG    II   
    YUG  Gln    I 
Complex 
Val CAC  NAC        I  Simple 
3c 
Thr UGU  NGU      II    Simple 
Cys ACA    RCA    II (ProCys)  I 
    YCA  Trp CCA    I 
      Stop UCA     
Complex 
4 
Ile UAU  NAU  RAU   UAU    I 
    YAU  Met CAU    I 
Complex 
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      iMet CAU       
Tyr AUA    RUA      I 
    YUA  Stop     
Complex 
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Table 7. Synthetase class preference for amino acids and for the anticodon 5’ bases. 
  Class II substrate surfaces are more adequate for smaller amino acids and for the bulkier 
5’ R bases; they are called atypical when, in complex boxes, the amino acids are too large 
(Lys, Phe) or they accept 5’ Y bases. Class I substrate surfaces are more adequate for larger 
amino acids and for the smaller 5’ bases, there being no atypical behavior when the amino 
acid is smaller (Cys). #, charged by the bifunctional ProCysRS class II in some organisms, 
substituted by the CysRS class I in most organisms. *, class II accepting atypically the 5’ 
Y. LysRS is class I in some organisms and class II in others. Lys and Phe are the largest 
amino acids of class II and the amino acids of extreme hydropathies. 2’, PheRS charges the 
ribose at the 2’ position, the class I mode, due to utilizing the combination of the large 
amino acid and the bulky 5’ R.  $, charged  by class II  accepting  atypically the 5’ Y, 
recoding internal Stop codons in specific mRNAs via suppressor tRNAs: Sec by SerRS and 
Pyl by PylRS that belongs to the PheRS and LysRS homology group. The boxes containing 
the punctuation signs are considered apart when discriminating the 5’ bases due to being 
class I-only in the standard anticode. 
 
  Class II  Class I 
Amino acid size (Å) 
Small (< 32.5 )  G P S A  - 
Medium (54-61 )  D N T C
#
  C 
Large (> 83)  H K
*
 F
2’
 Sec
$
 Pyl
$
  ELKRQVWIMY 
     
Amino acid hydropathy 
Hydrophobic (< 0.111)  F
2’
  L V C I M 
Moderately hydrophobic (0.258-0.361)  A  W Y 
Hydroapathetic (0.423-0.677)  G P S H T  - 
Hydrophilic (> 0.809)  D N K*  E K R Q 
     
Anticodon 5’ base 
N  G P S A T  L R V 
R  D N F
2’
 H  - 
Y  K
*
  E [L] K [R] Q 
 Punctuation boxes 
N  -  I 
R  C
#
  C Y 
Y  Sec
$
 Pyl
$
  W M 
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Table  8.  The  specificity and  the  spread  of  the earlier  class  II  and  of  the  later  class I 
attributions. 
  The matrices follow Table 2. PheRS enters in both classes due to the class II homology 
and to the class I mode of acylation. LysRS class II enters as atypical for the 5’ Y triplets 
but the class I is typical for the position. In parenthesis, the possible early pre-coding of 
Gly-GG and Ala-CG by class II. ProCysRS is bifunctional. 
 
Class II full occupation of the central G and 
C, and the spread to some central U and A 
Class I full occupation of the central A and U, 
and the spread to some central C 
Phe 
atypical 
Ser  ProCys 
 
Phe 
atypical 
 
Cys  Tyr 
       
Leu 
expansion 
 
Trp 
 
               
 
(Gly) 
Pro 
 
(Ala)  His  Leu 
 
Arg 
 
   
 
       
 
 
Gln 
 
           
 
Ala  Gly  Asp  Val 
 
     
             
Glu 
 
               
 
Thr  Ser  Asn  Ile 
 
     
   
 
 
Lys 
atypical
 

 
Met 
Ile 
 
 
Arg 
expansion 
Lys 
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Table 9. Variant genetic codes. 
  B, firmicute bacteria (4 occurrences); M, mitochondria from various sources (25); N, 
nuclear genomes of diplomonads, ciliates, green algae and fungi (13). Adapted from Knight 
et al. (2001). 
 
Acceptor decoding system Codon 
donated 
Unknown  Same box  Different Box 
Total: 
types / 
occurrences 
Complex boxes 
UGA Stop  N2  Trp (M6, N2, B1), Cys (N1)     3 / 12 
UAA Stop 
UAG 
UAR 
  Tyr (M1) 
 
 
Leu (M2), Ala (M1) 
Gln (N7) 
 4 / 11 
AGR [Arg] 
AGY Ser 
B1 
M1 
Ser (M2)  Stop (M1), Gly (M1) 
Gly (M1) 
 6 / 7 
AUA Ile  B1  Met (M2), MetIle (M2)     3 / 5 
AAA Lys    Asn (M2)     1 / 2 
Types/ 
occurrences 
4 / 5  7 / 19  6 / 13  17 / 37 
Simple boxes of hexacodonics 
CGG Arg 
CGN 
B1 
M1 
     2 / 2 
CUG Leu 
CUN 
    Ser (N1) 
Thr (M1) 
 2 / 2 
UCA Ser      Stop (M1)   1 / 1 
Types / 
occurrences 
2 / 2    3 / 3   5 / 5 
Total: types / 
occurrences 
6 / 7  7 / 19  9 / 16  22 / 42 
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Figure 1. The dimer that can be formed by the Gln and Val tRNAs. 
    The  anticodon  loops  are  approximated  (circled)  obeying  the  base  pairing  rules.  The 
distance between the  single-stranded –CCA  ends  can  not  be  correctly  evaluated  due  to 
uncertainties regarding the flexibility of the structures. It is considered plausible that dimers 
of ac-(pre)tRNAs, in spite of being approximately head to head, could be able to work in a 
way similar to that of the tRNA couples in the ribosomes, which are front to back (Yusupov 
et al., 2001), and transfer the amino acid of one to the other, forming a peptide bond. The 
peptide can grow in cycles when the dimers are formed between a peptidyl-tRNA and an 
ac-tRNA  (see  Figure  2).  Drawings  adapted  from  the  Protein  database  in 
www.rcsb.org/pdb/ (1EUY and 1GAX). 
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Figure 2. Production of genetic strings in the process of protein synthesis and of formation 
of the code. 
    (2A) Protein synthesis  directed by tRNA  dimers.  The system is  self-referent  to the 
tRNAs  (carriers).  The  amino  acids  (letters)  are  fished  in  couples  through  tRNA 
dimerization.  Catalytic  activities  are  shown  in  boldface.  After  each  transferase  reaction 
with  synthesis of  a peptide  bond, an  uncharged tRNA goes  back  to the  pool  and the 
peptidyl-tRNA is elongated. (2B) Binding  of  proteins to the carriers and formation  of 
elongated tRNA strings. For replication the tRNA molecule is extended and duplicated. 
Since loops are labile (thin, boxed), without proper stabilization by proteins they break, 
originating copies of the original molecule. When the loops are stabilized by the proteins 
(thick, dashed box) replication becomes elongational and chains of carriers (poly-tRNAs) 
are  produced.  The  poly-tRNAs  may  acquire different  configurations:  some  become  the 
ribosomal RNAs and others form aligned anticodons, whose copies are codon strings 
(mRNA). The association meaningful to the system being formed is selective and specific 
(cognitive): proteins should be intrinsically stable and efficient binders, and should bind the 
same carriers that were involved in their production. (2C) Ribosomal translation. Protein 
synthesis  is  directed by  strings  and  the  carriers  become  the decoding  system.  Different 
types of dimers of tRNAs (both uncharged, one of them charged, both charged), and their 
relative concentrations, may have regulatory functions. 




[image: alt] 
63

(2A)

 

Carrier
s 

and 
letters 
Capture 
of letters 
(synthetase)
 

Fishing of 
carriers 
Synthesis 
of strings 
(transferase)
 

Protein 
liberated
 

Elongation of strings 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Poly-tRNA 
mRNA 
Unstable loops 
Stable loops 
(2B)

 

(2

C

)

 

 

 

 

Ribosome 
 

 

 

 

 

 

 

 

 

 

 

 





[image: alt] 
64

Figure 3. The hydropathy correlation. 
    The early catalysts did not establish the correlation between Gly, Pro and Ser, and their 
dinucleotides of the homogeneous type. The correlation was established with the entrance 
of  the  next  attributions  of  the  homogeneous  sector  (Ho,  full  circles),  corresponding  to 
enzymes of both classes plus the atypical acylation systems (r
2
 = 0.99). The correlation 
became steeper with the entrance of the attributions to the mixed type of dinucleotides (Mx, 
open circles; r
2
 = 0.849). Adapted from Guimarães and Moreira (2004) and Farias et al. 
(2006). 
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Figure 4. The symmetry in the succession of integration of pairs into the system builds the 
dynamic picture of a levorotatory windmill. 
  The drawing follows the matrix in Table 2. The hydropathy outliers (flaps [1a] Pro : 
Gly; [1b] Ser : Ser [Arg]) conserve the central G and C, and the remaining pairs of the 
homogeneous pDiN sector are central A and U (flaps [2a] Asp, Glu : Leu; [2b] Asn, Lys : 
Phe [Leu]). Pairs 3a and 3b conserve the anticodonic 3’ G and C and contain the last amino 
acids not derived from others of the code (flaps [3a] Ala : Arg; [3b] His, Gln : Val). Pairs 
3c and 4 are the 3’ A and U and all amino acids are biosynthetically derived (flaps [3c] Thr 
: Cys, Trp; [4] Ile, Met : Tyr). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1b 
1a 
1b 
1a 
3c  4 
3a 
3b 3a 
4 
2a 
3b 
2a 
2b 3c 
2b 
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 “Structure of the genetic code suggested by the hydropathy correlation between 
anticodons and amino acid residues” 
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Abstract. The correlation between hydropathies of anticodons and amino acids, detected by other
authors utilizing scales of amino acid molecules in solution, was improved with the utilization of
scales of amino acid residues in proteins. Three partitions were discerned in the correlation plot
with the principal dinucleotides of anticodons (pDiN, excluding the wobble position). (a) The set of
outliers of the correlation: Gly-CC, Pro-GG, Ser-GA and Ser-CU. The amino acids are consistently
small, hydro-apathetic, stabilizers of protein N-ends, preferred in aperiodic protein conformations
and belong to synthetases class II. The pDiN sequences are representative of the homogeneous sector
(triplets NRR
and NYY), distinguished from the mixed sector (triplets NRY and NYR), that depict
a 70% correspondence to the synthetases class II and I, respectively. The triplet pairs proposed to be
responsible for the coherence in the set of outliers are of the palindromic kind, where the lateral bases
are the same, CCC
: GGG and AGA: UCU. This suggests that UCU previously belonged to Ser, adding
to other indications that the attribution of Arg to YCU
was due to an expansion of the Arg-tRNA
synthetase speciﬁcity. The other attributions produced two correlation sets. (b) One corresponds to
the remaining pDiN of the homogeneous sector, containing both synthetase classes; its regression line
overlapped the one formed by the remaining attributions to class II. (c) The other contains the pDiN of
the mixed sector and produced steeper slopes, especially with the class I attributions. It is suggested
that the correlation was established when the amino acid composition of the protein synthetases
became progressively enriched and that the set of outliers were the earliest to have been ﬁxed.
Keywords: genetic code, amino acids, anticodons, dinucleotides, hydropathy, aminoacyl-tRNA
synthetases
Introduction
Integral membrane proteins are responsible for the majority of interactions between
cells and the environment. Hydropathy scales of amino acid residues are utilized for
detection of hydrophobic regions in proteins, which could predict trans-membrane
domains, and for studies of protein folding (Clements and Martin, 2002). The
Kyte and Doolittle (1982) scale has been more commonly utilized in programs of
prediction but no scale has shown high performance (Degli-Esposti et al., 1990;




[image: alt]84 S
¬
AVIO TORRES DE FARIAS ET AL.
Turner and Weiner, 1993).
Hydropathy scales of amino acid molecules in solution have been utilized for
studying the genetic code. The hydropathy correlation was the ﬁrst indication of
ordered distribution of codons and amino acids in the matrix (Woese et al., 1966).
Explanations for the correlation, which might suggest some kind of stereo-chemical
ﬁt between amino acids and anticodons, have not been put forward clearly. The cor-
relation also became a component of the minimization hypotheses, starting with
Sonneborn (1965). These indicated that the distribution of attributions were evo-
lutionarily regionalized in such a way that mutational or translational alterations
would result most frequently in exchanges of similar amino acids, with little al-
teration of protein structure. It is implied that functionality of the outcome of the
code, the proteins, fed back upon the translation system, informing on aspects of
its quality, resulting in evolutionary adjustment of the process to the product.
An improvement was introduced by Lacey and Mullins (1983), showing that the
correlation of hydropathies of amino acids was positive with those of the principal
dinucleotides (pDiN; the central and the 3

base) of anticodons.
We compared hydropathy scales of amino acid molecules in solution with those
of amino acid residues in proteins for obtaining correlation with the hydropathy
scales of anticodonic pDiN (Guimar˜aes, 1996), reappraising the procedure utilized
by Lacey and Mullins (1983). While they attempted to obtain a consensus among all
scales of hydropathies of amino acid molecules in solution through a ranking pro-
cedure, our normalization could exclude two of them from the more homogeneous
set, from which a consensual scale was generated (GMM; Guimar˜aes and Moreira,
1999). The same normalization procedure was applied to all scales of hydropathies
of amino acid residues that have been successfully utilized for protein proﬁling,
generating another consensual scale (GMR; Guimar˜aes and Moreira, 1999).
Tests of protein proﬁling with the GMR scale showed that it was somewhat
more sensitive for the detection of hydrophobic regions than the Kyte and Doolittle
(1982) scale and more similar to the Argos and Rao (1986) scale, while the GMM
scale was poorer. One of the two scales found to yield the best protein proﬁling
results, the consensus GMR scale, and the most widely used among the previous
amino acid residue scales, the Kyte and Doolittle (1982) scale, also produced better
hydropathy correlation indices with their anticodon attributions.
Our study of the genetic code hydropathy correlation started with the observation
of the approximately 70% overlap between synthetases (aRS) class II and triplets of
the NRR
and NYY type, constituting the sector of homogeneous pDiN, and between
aRS class I and triplets of the NRY
and NYR type, the mixed pDiN sector. It was
shown that the hydropathy correlation could be better explained by the partition of
the matrix into the pDiN sectors than into the aRS classes. A coherent and structured
group of outliers was identiﬁed, contained in a half of the homogeneous pDiN sector,
with triplets forming pairs of the RGR
: YCY type. The correspondent amino acids,
Gly, Pro and Ser, are consistently charged by aRS class II, small, hydroapathetic,
stabilizers of protein N-ends and preferred in aperiodic protein conformations.
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This set is proposed to be good candidates for the earliest attributions ﬁxed in the
genetic code. The hydropathy correlation is proposed to have been constructed by
aRS with a richer amino acid composition, progressing through an intermediate
step corresponding to the remaining attributions of the homogeneous pDiN sector
or of the aRS class II.
Material and Methods
From the two dinucleoside monophosphate hydropathy scales (Barzilay et al., 1973;
Weber and Lacey, 1978) that were utilized by Lacey and Mullins (1983), we gen-
erated a consensus GMD scale (Table I; Guimar˜aes and Moreira, 1999) that is
an average of the previously normalized (between 0 and 1) original scales. The
dinucleotides are considered equivalent to the principal dinucleotides (pDiN) of
anticodon triplets, reading from the central to the 3

base.
Seven of the amino acid molecule hydropathy scales utilized by Lacey and
Mullins (1983), namely Grantham (1974; GRA), Woese et al. (1966; WOE), Levitt
(1976; LEV), Bull and Breese, (1974; BUL), Jones (1975; JON), Garel et al. (1973;
GAR) and Weber and Lacey (1978; WEB), plus two scales from Roseman (1988;
RM1, from his Table III, and RM2, incorporating his corrections indicated for side
chains in alpha helices), were considered in a ﬁrst step for the generation of a
consensus scale. We normalized all scales between 0 and 1 so that they could be
directly compared. At this stage the scales of Weber and Lacey (1978) and of Garel
et al. (1973) were excluded because both departed strongly from the total set of
scales, especially due to the very low hydropathy assigned to Trp. The two excluded
scales also presented a poor correlation for hydropathy attributions in the mixed
pDiN sector, which was not observed with the other scales. The remaining seven
scales were averaged and the result normalized to produce the GMM scale (Table I;
Guimar˜aes and Moreira, 1999).
Eight amino acid residue scales were kindly offered to us by Turner and Weiner
(1993; Personal Communication, 1995), originally obtained from Degli-Esposti
et al. (1990; MPH – membrane preference hydrophobicity, AMP – average mem-
brane preference of seven scales), Nakai et al. (1988; OMH – optimal matching
hydrophobicity), Eisenberg et al. (1982; EIS), Engelman et al. (1986; GES), Kyte
and Doolittle (1982; normalized, KDN), Argos and Rao (1986; RAO) and Rose
and Dworkin (1989; ROS), from which the normalized consensus GMR scale was
developed (Table I; Guimar˜aes and Moreira, 1999) following the same procedure
of averaging and normalization employed for the GMM scale.




[image: alt]86 S
¬
AVIO TORRES DE FARIAS ET AL.
TABLE I
Normalized hydropathy scales
pDlN GMD Amino acid GMM GMR
Homogeneous pDiN sector
wCC 0.928 ± 0.023 Gly 0.671 ± 0.119 0.423 ± 0.087
GGw 0.196 ± 0.079 Pro 0.324 ± 0.058 0.677 ± 0.101
wGA 0.098 ± 0.029 Ser 0.666± 0.105 0.508 ± 0.076
UCw 1.000 ± 0.015 Ser[Arg]
wUC 0.931 ± 0.001 Asp 1.000 ± 0.059 0.962 ± 0.063
Glu 0.990 ± 0.038 0.935 ± 0.068
GAw 0.059 ± 0.025 Leu 0.064 ± 0.078 0.066 ± 0.039
wUU 0.931 ± 0.085 Asn 0.925 ± 0.074 0.809 ± 0.060
Lys 0.892 ± 0.065 1.000 ± 0.047
AAw 0.000 ± 0.000 Phe [Leu] 0.020 ± 0.041 0.000 ± 0.045
Mixed pDiN sector
wCG 0.564 ± 0.092 Arg 0.976 ± 0.087 0.982 ± 0.055
CGw 0.403 ± 0.062 Ala 0.545± 0.108 0.258 ± 0.085
wUG 0.596 ± 0.039 His 0.736 ± 0.077 0.573 ± 0.081
Gln 0.867 ± 0.096 0.841 ± 0.068
CAw 0.189 ± 0.022 Val 0.222 ± 0.072 0.069 ± 0.039
wGU 0.433 ± 0.053 Thr 0.578 ±
0.120 0.438 ± 0.071
ACw 0.312 ± 0.048 Cys 0.313 ± 0.134 0.111 ± 0.078
Trp 0.000 ± 0.027 0.325 ± 0.084
wAU 0.199 ± 0.013 Ile 0.032 ± 0.043 0.029 ± 0.054
Met 0.256 ± 0.081 0.059 ± 0.049
AUw 0.303 ± 0.056 Tyr 0.300 ± 0.119 0.361 ± 0.084
GMD, of dinucleoside monophosphates, considered equivalent to the principal dinucleotides
(pDiN) of anticodon triplets; w, the 5

position. GMM, of free amino acid molecules in so-
lution. GMR, of amino acid residues in proteins. Details in Material and Methods and in the
Annex (www.mat.ufmg.br/∼cmoreira/pesquisa/hydropathy). Data on the hexacodonic attributions
are shown only in the tetracodonic components. The dicodonic components of the aRS class I
attributions in square brackets.
Results
H
YDROPATHY SCALES OF AMINO ACID MOLECULES AND RESIDUES
When amino acids are incorporated in proteins, there are modiﬁcations in the hy-
dropathies of the residues immersed in the protein microenvironment. The effect
produced by the alpha helical environment upon some amino acids has been pointed
out by Roseman (1988). A comparison of the consensus normalized scales for amino
acid molecule (GMM) or residue (GMR) hydropathy (Figure 1) showed that the
strongest changes introduced by the protein microenvironment were the increased
hydrophilicity of Pro and Trp. A number of residues became less hydrophilic,
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Figure 1. Comparison of hydropathy scales of amino acid molecules and residues. GMM, of amino
acid molecules; GMR, of amino acid residues.
especially Ala and Gly.
The GMR scale, together with the aRS acylation site speciﬁcities, indicated a
demarcation of four groups of amino acids (Table II), two of them homogeneous
with respect to both characters. The ﬁve hydro-apathetic correspond to aRS class II,
acylating the 3

position, the standard mode of the class. The six hydrophobic are
added to the 2

position of the ribose irrespective of the class of the catalyst, be it in
the standard mode of class I or in the unusual mode for the class II, by the PheRS.
The groups of hydrophilic and of moderately hydrophobic were not homogeneous.
The outlier group identiﬁed with utilization of the GMR scale (Gly-CC, Pro-
GG, Ser-GA and Ser-CU; abbreviated GPS) was fully depicted by KDN, among
the previous amino acid residue scales. The other amino acid residue scales did
not show the full group and sometimes indicated Lys, Phe or Arg-CU as outliers.
Outliers obtained with amino acid molecule scales consistently missed Pro and
some of them also Gly, Ser-CU and Ser-GA, while frequently and variably adding
other outliers (Asn, Lys, Asp, Glu; Table III).
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TABLE II
Amino acid groups according to the residue hydropathy and the synthetase acylation sites
Hydropathy (GMR) aRS class Acylation site Side chain character
Hydrophilic
Lys 1.000 I or II
∗
3

or 2

Basic, amino
Arg 0.982 I 2

Basic, guanido
Asp 0.962 II 3

Acid, carboxyl
Glu 0.935 I 2

Acid, carboxyl
Gln 0.841 I 2

Amido
Asn 0.809 II 3

Amido
Hydro-apathetic
Pro 0.677 II 3

Cyclic imino
His 0.573 II 3

Imidazole
Ser 0.508 II 3

Hydroxyl
Thr 0.438 II 3

Hydroxyl
Gly 0.423 II 3

Hydrogen
Moderately hydrophobic
Tyr 0.361 I 2

Phenol
Trp 0.325 I 2

Indole
Ala 0.258 II 3

Methyl
Hydrophobic
Cys 0.111 I 2

Thiol
Val 0.069 I 2

Branched aliphatic
Leu 0.066 I 2

Branched aliphatic
Met 0.059 I 2

Thio-methyl
Ile 0.029 I 2

Branched aliphatic
Phe 0.000 II
∗
2

Benzyl
Acylation sites from Arnez and Moras (1997).
∗
the atypical enzymes.
PROTEIN PROFILING WITH THE NORMALIZED AMINO ACID RESIDUE HYDROPATHY
SCALE
The prediction of protein conformations and overall architecture are essential as-
pects of protein annotation, albeit only preliminary to the structural procedures. We
compared the Kyte and Doollitle scale (KDN, as offered by Turner and Weiner,
Personal Communication, 1995) with the GMR scale through analysis of their
prediction of trans-membrane regions in the KcsA potassium channel protein
of Streptomyces lividans. This protein has three known membranal domains (A,
residues 28 to 52; B, 62 to 72; C, 87 to 113; Doyle et al., 1998). Both scales identi-
ﬁed the two long hydrophobic regions (KDN: A, 29 to 43; C, 87 to 109; GMR: A, 28
to 44; C, 85 to 110), which are also demarcated by ﬂanking hydrophilic segments.
The addition of a few residues to either side of each of these regions, provided
by the GMR over the KDN scale, indicated a somewhat increased sensitivity of
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TABLE III
Deviations and outliers for amino acid hydropathy scales
Hydropathy Av. Dev. Av. Dev. Outliers in the hydropathy correlation schemes
scale w/r GMR w/r GMM (Ho or Mx sectors)
GMR – 0.133 Gly Pro Ser
GA
Ser
CU
RAO 0.053 0.157 Gly Pro Ser
CU
AMP 0.073 0.174 Gly Pro Ser
CU
KDN 0.108 0.137 Gly Pro Ser
GA
Ser
CU
MPH 0.113 0.210 Gly Pro Ser
CU
ROS 0.115 0.165 Gly Pro Ser
GA
Lys
EIS 0.154 0.184 Gly Ser
GA
Ser
CU
Arg
CU
GES 0.163 0.222 Gly Ser
CU
Arg
CU
OMH 0.192 0.135 Pro Ser
GA
Phe
GMM 0.133 – Ser
GA
Ser
CU
GRA 0.105 0.110 Gly Ser
GA
Ser
CU
RM2 0.116 0.126 Gly Ser
GA
Ser
CU
LEV 0.165 0.126 Gly Ser
GA
Ser
CU
Asn
RM1 0.121 0.133 Gly Ser
GA
Ser
CU
BUL 0.240 0.157 Ser
GA
JON 0.322 0.199 Ser
GA
Lys
WOE 0.163 0.205 Gly Ser
CU
Glu Asp
WEB 0.357 0.291 Ser
GA
Phe Val
GAR 0.441 0.366
Amino acid residue scales RAO, AMP, ROS, KDN, MPH, EIS, OMH and GES generate the consensus
scale GMR. Amino acid molecule scales GRA, WOE, RM1, RM2, LEV, BUL and JON (excluding
WEB and GAR) generate GMM. All scales are normalized between 0 and 1. Average deviations
from both consensus scales and the outliers are shown. Outliers are attributions that present a residual
greater than 0.2 in the symmetrized regression line for either the homogeneous (12 attributions) or
the mixed (11 attributions) sectors of the genetic code.
the former (Figure 2). It is possible that the slightly higher overall hydrophobicity
of the GMR, as compared to the GMM scale (Figure 1), contributed to the larger
length of the predicted hydrophobic segments; the RAO scale yielded results essen-
tially identical to GMR (not shown). The membranal region B (Thr, Tyr, Pro, Arg,
Ala, Leu, Trp, Trp, Ser, Val, Glu) is not hydrophobic and should not be predicted
through protein proﬁling. In fact, structural studies show that it is brought into the
membranal region by the ﬂanking hydrophobic trans-membrane domains A and C
(Doyle et al., 1998).
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Figure 2. Hydropathy proﬁle of the KcsA potassium channel protein of Streptomyces lividans. The
trans-membrane segments (TM, straight lines) were detected by structural studies (Doyle et al., 1998).
The plot obtained with the RAO scale (not shown) was essentially similar to GMR. Protein proﬁling
was made using windows of nine amino acids.
HYDROPATHY CORRELATION OF DINUCLEOTIDES AND AMINO ACID
RESIDUES
A ﬁrst glimpse at the GMD and GMR scales for hydropathies of dinucleotides
and amino acid residues grouped according to the genetic code attributions
suggests that the two properties tend to vary together, with more hydrophilic din-
ucleotides going with more hydrophilic amino acids and the other way around
(Table I).
In order to test the likelihood that this feature is not incidental we have
chosen as our primary indicator the linear correlation of the 23 attributions
of amino acids to dinucleotides (some amino acids and dinucleotides are re-
peated). Standard methods of linear regression are not adequate for our analysis
because they assume that any error and random factors affect only one subset
of data. That is not the present case because both GMD and GMR come from
experimental processes. Instead we used an alternative symmetrical version of
linear regression that treats equally both subsets of data (Figure 3). The de-
tails of this symmetrical linear regression are presented in the Annex, available
in www.mat.ufmg.br/∼cmoreira/pesquisa/hydropathy. The correlation found was
0.770072, a ﬁgure that will be considerably improved by the removal of outliers and
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Figure 3. The hydropathy correlation in the genetic anticode. Attributions belonging to the mixed
pDiN sector inside the ellipse; attribuitions belonging to aRS class I in full squares and to aRS class
II in full cicles. The atypical aRS class II, Lys and Phe, in open cicles. The dicodonic components of
Leu and Arg (aRS class I) in open squares. Scales are GMD and GMR.
by the separation of two distinct correlation groups. In order to rule out the possibil-
ity of this correlation being only incidental we tested 5,000,000 different sets of al-
ternative attributions picked randomly and calculated the linear correlation for each
one. The incidence of correlations above 0.77 was only 46 (0.00092%; not shown),
strongly indicating that the hydropathy correlation found in the standard code is not
casual.
Since hydropathy values of triplets are not available, it can only be indi-
cated that, in case they were to be considered, the main change in the corre-
lation plot would be an increased spread of all points along the abscissa, with
no effect on the identiﬁcation of the outliers and little alteration of the overall
indices.
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THE SET OF OUTLIER ATTRIBUTIONS
The general correlation tendency is not followed by all attributions. CC-Gly,
GG-Pro, GA-Ser and CU-Ser clearly lie out, with hydro-apathetic amino acids
attributed to hydrophilic or hydrophobic pDiN of the homogeneous pDiN sec-
tor (Table I). This set is self-contained with respect to the triplet constitu-
tion and pairing possibilities, and consistent in the amino acid properties (Ta-
ble IV). Our reasoning (Guimar˜aes and Moreira, 2004; Guimar˜aes, 2004) is
that the GPS group was ﬁxed as genetic code attributions in an early period,
when the modern biochemical mechanism of genetic translation was not fully
developed.
The mechanism assumed as natural for the formation of the coding system is
of gradual construction and successive ﬁxation of attributions, adjusted to the con-
texts prevailing at the ﬁxation moments. Later circumstances might have required
some rearrangements and evidence for them should be backed by observation of
real evolutionary variant codes, but the process should not have been of continuous
revision with complete erasing of previous correspondences that might not ﬁt well
with the posterior developments. If the process were of unimpeded and ruthless
optimization to reach the best correlation, it would be similar to a designed mini-
mization of deviations from a rule or to an optimization of ﬁttings. This process was
tested by producing a few artiﬁcial codes containing the same repetitions of pDiN
as the real code but with better hydropathy ﬁttings. We could reach correlation
coefﬁcients above 0.98, without outliers (not shown).
E
XPANSION OF THE SPECIFICITY OF ArgRS
One rearrangement of attributions is indicated to have occurred in the set of out-
lier pDiN, namely the transfer of YCU
to Arg. The rationale derived from the
hydropathy data is that the set of outliers is self-contained with respect to pairings
of the anticodon triplets. The pairings possible inside the set (Table V) are of the
palindromic kind, where the lateral bases are of the same type. Considering that
the outlier triplets and amino acids should coincide, it is necessary that the pair to
Ser-GA should belong in the CU and not in the CC box. In this way, the unam-
biguous pairs are constituted by AGA
: UCU and GGG: CCC. These are perfect
palindromes, distinct from the imperfect ones, where the lateral bases are not ex-
actly the same. Since UCU
is presently attributed to Arg, the indication is necessary
that it belonged to Ser in the state of the code when the outlier attributions were
ﬁxed. In this early code, Ser was octacodonic and was later reduced to hexacodonic
when it conceded YCU
to the ArgRS. The mechanism would correspond to an
expansion of the speciﬁcity of the enzyme, from its original NCG
to accept also
the YCU
triplets. The late introduction of Arg into the CU box is supported by
observations on the instability or dispensability of this attribution in variant codes
(Osawa, 1995; Knight et al., 2001). The three hexacodonic attributions are further
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TABLE IV
Amino acid properties in the partitions of the genetic code suggested by the hydropathy correlation
aRS Volume N-end Protein Other
pDiN class Hydropathy
˚
A stailization conformation attributions
Homogeneous, outliers
CC: Gly II 0.423 3 1 Aperiodic
GG Pro II 0.677 32.5 1 Aperiodic
GA: CU Ser II 0.508 32 2 Aperiodic CU-Arg
Homogeneous, correlated
UC: Asp II 0.962 54 4 Aperiodic
Glu I 0.935 83 4 α-Helices
AG Leu I 0.066 111 9 α-Helices
UU: Asn II 0.809 56 5 Aperiodic
Lys II
∗
, I 1.000 119 8 α-Helices
AA Phe II 0.000 132 9 β-Strands AA-Leu
(2

)
∗
Mixed, correlated
GC: Ala II 0.258 31 2 α-Helices
CG Arg I 0.982 124 8 α-Helices
UG: His II 0.573 96 7 α-Helices
Gln I 0.841 85 5 α-Helices
AC Val I 0.069 84 1 β-Strands
GU: Thr II 0.438 61 2 β-Strands
CA Cys I 0.111 55 3 β-Strands
Trp I 0.325 170 9 β-Strands Stop
AU: Ile I 0.029 111 6 β-Strands
Met I 0.059 105 1 α-Helices fMet
UA Tyr I 0.361 136 9 β-Strands Stop
The typical acylation sites are 2

for aRS class I and 3

for class II (see Table II; Arnez and Moras,
1997). Hydropathy from the GMR scale. Lateral chain size in
˚
A (Grantham, 1974). N-end metabolic
stabilization of proteins from Varshavsky (1996). Protein conformation preferences from Creighton
(1993).
distinguished by the two Ser pDiN being complentary and the dicodonic compo-
nent residing in the typical 5

R location for aRS II, while the two pDiN of both
Leu and Arg differ only in the 3

base, and the dicodonic components reside in the
typical 5

Y location for aRS I. It is not known how much wider would the pairing
possibilities be if G: U or other wobbling abilities were involved in the early states
of the code, and which would be more or less functionally meaningful for the early
ﬁxations or for regulation in the coding system.
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THE CORRELATED ATTRIBUTIONS
After removal of the outliers the remaining attributions presented a better hydropa-
thy correlation, which became clearer when they were separated into two groups.
Another conservative assumption for the natural processes is of maintaining the
continuity of the developments employed in a previous stage. The two simplest
options open to follow from the set of outliers are of continuing the utilization of
the homogeneous pDiN and later the mixed pDiN or continuing with the aRS
class II and later the class I. The hydropathy correlation plot (Figure 3) indi-
cated that the behavior of the aRS classes was strongly inﬂuenced by the pDiN
types and that the linear model ﬁts better the division in sectors than in aRS
classes.
(A) The remaining attributions to homogeneous pDiN correspond to six new amino
acids in two pairs of boxes (UC-Asp, UC-Glu: AG-Leu; UU-Asn, UU-Lys:
AA-Phe) plus the dicodonic (AA) component of the hexacodonic Leu. The
dicodonic component of the third hexacodonic (CU-Arg) is plotted together
with this set. The aRS class constitution in the set is heterogeneous but follows
a clear symmetrical location with respect to the pDiN pairs: the couple of
class I (GluRS and LeuRS) corresponds to a pair (UC: AG) and the couple of
atypical enzymes correspond to the other pair (UU: AA).
The atypical character is possibly derived from the large size and extreme
hydropathy of the amino acids (Tables II, IV) for the class II pockets. LysRS
is considered atypical due to belonging to class I or II in different organ-
isms. It is typical of the 5

Y triplets of boxes containing more than one
attribution to be class I but some organisms utilize the atypical class II.
PheRS is class II but adopted a peculiar conformation to charge the 2

hy-
TABLE V
Pairs formed by the anticodon triplets belonging in the set of the hydropathy correla-
tion outlier attributions
Ser AGA Pro AGG Ala AGC Thr AGU
Arg UCUArgUCC Ser UCG Ser UCA
Ser GGA
Pro GGG Ala GGC Thr GGU
Gly CCU Gly CCC Gly CCG Gly CCA
Ser CGA
Pro CGG
Arg GCUArgGCC
Ser UGA
Pro UGG
Stop ACUTrpACC
Only the standard base pairs (A: U, G: C) are depicted. Pairs with both triplets con-
tained in the set of outlier boxes are in the upper left quadrant and are all palindromic,
perfect or imperfect. When the triplets inside the set of outlier boxes are not palin-
dromic, the triplets pairing with them belong in the mixed pDiN sector.
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droxyl, in the class I mode. The location of the other class II (AspRS and
AsnRS) and of the dicodonic component of the hexacodonic LeuRS (class I)
follow the general rule for the boxes containing both enzyme classes, with
class II at 5

R and class I at 5

Y, the exception being the atypical LysRS
class II.
The dinucleotides and amino acids are extremelyhydrophobic or hydrophilic
and depict a very high hydropathy correlation (r
2
= 0.990), with a slope of
approximately 45
◦
. This slope is determined by the pDiN type irrespective
of the aRS classes. It is also overlapped by the regression line (r
2
= 0.977;
not shown) produced by the seven non-outlier class II attributions: the ad-
dition of the points of Ala, Thr and His, belonging in the mixed pDiN sec-
tor, does not modify the general trend dictated by the extreme points of the
class.
(B) The mixed pDiN attributions are class I-rich and yield a fairly high correlation
(r
2
= 0.849). The slope is steeper than the one obtained with the correlated
attributions of the homogeneous pDiN sector and even more so when only the
eight class I attributions are considered (r
2
= 0.940; not shown). The three
points of class II attributions to the mixed pDiN sector tend to follow the slope
of the sector and not the slope of class II. The plot of all class I attributions
would ﬁt a sigmoid curve, indicating saturation in the range of the strong
hydropathies of the homogeneous pDiN, the enzyme class becoming very
sensitive to the hydropathies of the substrates in the range of the intermediate
hydropathies of the mixed pDiN. In the mixed pDiN sector, at difference from
the homogeneous pDiN sector, only two pairs of boxes can be found to produce
coherent aRS classes, both being of class I, the Val-AC: Gln-UG and the Ile,
Met-AU: Tyr-UA. This last pair also contains the main punctuation signs, fMet
and two of the stop signs, and makes the class I-only counterpoint to the class
II-only pair of the outlier Gly-CC: Pro-GG.
H
OMOGENEITY OF THE GPS GROUP
The GPS group belongs in the set of ﬁve hydro-apathetic amino acids, together with
His and Thr (Table II), being all activated by aRS class II. The pDiN of the GPS
group are of the homogeneous type and form palindromic complementary pairs
(NRR
: NYY). The central bases are G and C, the pDiN base composition is 75%
G+C, and the group shows very high degeneracy (average 4.7 codons per amino
acid).
The amino acids are small. Gly may have had an origin independent from other
amino acids belonging in the code, being the most abundant in pre-biotic syntheses
(Wong, 1975, 2005; Klipcan and Safro, 2004). Ser is also obtained in pre-biotic
syntheses albeit not in high abundance, and is a biosynthesis precursor to various
amino acids of the code, including Gly (Davis, 1999). Pro is derived from Glu,
but also not late in biossynthesis (Wong, 1975, 2005; Davis, 1999). Among other
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characters reviewed in Guimar˜aes and Moreira (2004), it is noted here (Table IV)
that the whole GPS group is characteristic of the simplest (aperiodic; coils and
turns) protein conformations (Creighton, 1993), N-end preferred and stabilizers of
protein N-ends (Varshavsky, 1996; Berezovsky et al., 1997, 1999), and frequent in
the conserved or active sites of synthetases (Arnez and Moras, 1997).
I
NDICATIONS THAT THE pDiN TYPE ORGANIZATION IS PHYSIOLOGIC
A structure derived from the palindromic pairing mechanism shown by the GPS
set could be extended to the whole matrix. Some aspects of the scheme, directly
pertinent to the study of hydropathies and to the synthetases are presented here.
The fully symmetric organization highlights some landmarks (Figure 4), the main
ones being the homogeneous pDiN sector (NRR
: NYY quadrants), with extreme
hydropathies, and the mixed pDiN sector (NRY
: NYR quadrants), with intermediate
hydropathies (Table I). The order of bases utilized for construction of the matrix
(A, G, C, U) follows their hydropathy values (see Lacey and Mullins, 1983), not the
traditional arbitrary order (A, G, U, C) which became ‘frozen’ in most articles and
in textbooks. Another approach reaching the same order derived from hydropathies
was developed on the basis of thermodynamic parameters (Lehmann, 2000).
A main consequence of this description is that the matrix becomes organized
through the diagonals (Figure 4), instead of through the traditional columns plus
rows procedure. It is relevant to physiology that the homogeneous and mixed pDiN
sectors correspond to an overall 70% concordance with the synthetase classes II
and I, respectively. There are eight class I among the elevenamino acids in the mixed
sector. The whole punctuation system belongs in three boxes of the mixed sector,
two of which form a palindromic pair (NAU
:NUA). Not considering the ambiguity
derived from the indicated ArgRS expansion into the CU box and considering the
LysRS in both classes (Ibba and Ibba, 2003), there are seven class II among the
nine amino acids in the homogeneous sector. The deviants are: Ala, Thr and His
class II residing in the mixed sector, and Glu, Leu and Lys class I residing in the
homogeneous sector.
Discussion
Searches for symmetries possibly underlying an organization of the matrix of an-
ticodons have been repeatedly attempted, mainly inspired by the property of the
nucleic acid complementation via base pairing. The lack of success may have been
due to the matrix being full, therefore offering many choices (e. g., each of the four
triplets in a box with central A may form a pair with one of the triplets in each of
the four central U boxes), and to the lack of adequate cues that could lead to further
evaluation. Another line of investigation was open by the description of the aRS
classes with a nearly balanced number of components and docking on the tRNA
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Figure 4. The standard genetic anticode. Drawn according to the hydrophilicity order of bases (A, G,
C, U). The dicodonic components of the hexacodonic aRS class I are in square brackets. X, tRNAs
absent, corresponding to the stop codons. The principal dinucleotide (pDiN) of each box is in larger
font size and bold face. The general pDiN type of the quadrants and sectors is shown above and below
the matrix. The pDiN of the set of attributions outliers of the hydropathy correlation are underlined.
acceptor arms from opposite directions (Pouplana and Schimmel, 2001).
Previous studies on the hydropathy correlation were concentrated on the goal
of obtaining better overall indices and on discarding the outliers, considered as
meaningless deviations. Our study showed that the outliers should be valued since
they are an organized group.
The study of Lacey and Mullins (1983) revealed important aspects of the hy-
dropathy correlation but suffered from the drawback of having had to use amino
acid molecule hydropathy scales. In fact, the ﬁrst and still one of the best amino acid
residue hydropathy scales (Kyte and Doolittle, 1982) was compiled at the time their
paper was completed. Furthermore, while the high salt system utilized by Weber
and Lacey (1978) produced a good dinucleotide hydropathy scale, the amino acid
molecule hydropathy scale turned out not to be adequately comparable to most of
the other scales. This led them to attempt a consensus based on average rank orders.
Instead, our normalization required their amino acid molecule hydropathy scale,
together with the similar one of Garel et al. (1973), to be excluded from the set
utilized for calculation of the GMM scale. We also compared GMM with scales of
hydropathies of amino acid residues and found that exactly the one (KDN) found
most useful for protein proﬁling, and also our consensus (GMR), yielded improved
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indices in the area of the correlated attributions and identiﬁed a set of four outlier
attributions depicting the internal structure of forming palindromic pairs of triplets.
The study of the anticodon pairs formed with the triplets belonging in the set
of outliers enabled the identiﬁcation of the putative meaningful ones, namely the
perfect palindromic Gly CCC
: Pro GGG and Ser AGA: Ser UCU. Since UCU
belongs in the present standard code to Arg, it is reasoned that it had belonged
to Ser in the state of the code when the outlier attributions were ﬁxed, having
later been conceded to Arg. We cannot offer a rationale backed by enzymology or
nucleic acid chemistry principles for the indicated physiologic meaningfulness of
the palindromic triplets and pairs. Studies on tRNA dimerization through pairing at
the anticodon loops (Grosjean and Houssier, 1990) did not report on the behavior
of dimers with palindromic triplets.
It was also seen that the pDiN in the set of outliers belong in the homogeneous
sector (NRR
: NYY). The other triplets in the set of outliers that can form pairs only
with triplets from outside of the set were seen to be non-palindromic, the lateral
bases being a purine and a pyrimidine, and their complements had pDiN of the
mixed type (NRY
: NYR).
This was taken as an indication of a structure underlying the triplet code or-
ganization, based on the division into halves, the homogeneous and mixed pDiN
sectors, each one containing two complementary quadrants and four pairs of pDiN
boxes. This organization is shown here to correspond to the aRS class division to
the level of 70%, class II being typical of the homogeneous sector and class I of
the mixed sector. The aRS class preference for a pDiN sector should, otherwise, be
considered only a component among the various tRNA identity sites that have to
be combined to reach the correct ﬁttings. For instance, another combination of the
anticodon sites yielding a small number of deviants is: aRS class II with the central
G plus the NYY
quadrant, the class I deviants being GluRS, the LysRS of some
organisms and the YCU
component of ArgRS; aRS class I with the central A plus
the NYR
quadrant, the class II deviants being the HisRS and the atypical PheRS
(Guimar˜aes et al., 2006 in press).
The outliers occupy a half of the homogeneous sector and are all aRS class II,
so that the other half of the homogeneous sector contains all deviants from the
class II/homogeneous sector correspondence. The nineteen hydropathy-correlated
attributions were studied with respect to both ways of dividing the code in halves.
It was shown that the aRS class partitions were less regular than the pDiN sector
partitions, indicating that the pDiN inﬂuenced strongly the behavior of the enzymes
in producing the correlation.
A
MECHANISM FOR THE CORRELATION
The rationale for explaining the formation of the coding system is of gradual and
successive ﬁxation of attributions and, for the establishment of the hydropathy
correlation, it is proposed that it depended on the gradual enrichment of the amino
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acid composition of the synthetases. Simple enzymologic considerations would be
sufﬁcient for explaining the hydropathy ﬁtting when two substrates interact with
each other and with the amino acid residues in the enzyme pockets.
If the physiologically meaningful correlation is the one observed with the amino
acid residue scale and not with the scale produced by free amino acid molecules, the
possible interpretations are: (a) The amino acids, as substrates in the enzyme pocket
microenvironment are already depicting properties similar to those of residues in
proteins. It is likely that amino acids would have always be reacting with tRNAs
in the activated form and should already depict modiﬁed hydropathic properties,
relative to those of free molecules. (b) Even if such properties would not be strictly
similar to those of residues in proteins, it might be considered, at least, that the
correlation was established by the proteins, the products of the translation system,
since it was improved when the attributions were separated into the two aRS classes.
The rationale should also explain one of the facets of the minimization
hypotheses, indicating that it derived from precise structural adjustment of the
substrates in the aRS pockets. It is well known that the behavior of substrate
molecules may differ largely from that of the same molecules free in solution,
the differences being induced by the interactions in the pocket architecture. That
this is a general characteristic of enzymes is indicated also in the present case,
when each of the aRS classes showed higher correlation than the overall set of
attributions.
The general principle is that when two substrates are to be joined by enzymes,
their surfaces should be freely compatible and not repulsive to one another. In
the present case, both should be hydrophilic, carrying solvation water together, or
hydrophobic, not accepting water molecules at the immediate vicinity. It remains
to be detailed what would be the relative weights of the main determinants of the
correlation, among the various participants: enzyme pocket residues, the substrate
amino acids and components of the tRNA acceptor arms. The present analysis
points to a strong effect of the RNA component.
The anticodonic pDiN, the indicator taken for the correlation plots, is presently
far away from the acylation sites in the enzymes and in the tRNAs. It is necessary
then, to propose that the correlation was either (a) always between spatially distant
reagents and mediated by a bridging third party, or (b) in direct stereo-chemical
contact at times of ﬁxation of the code, and that the anticodonic pDiN or a correlate
of it was residing at the acylation pocket, later becoming separated. The latter case
could receive support if such tRNA characters or remnants of them were ﬁxed and
conserved, to be identiﬁed as parts of tRNA or of the aRS identity sites. Models
where tRNAs were originally small hairpin structures, evolving possibly through
duplicative elongation (see Bloch et al., 1989), would be adequate to explain the
present distance of anticodons and the acylation site, and similar processes could
also have occurred in the aRS. Models referring to an approximation of anticodons
and the acylation sites have been published by others (Hopﬁeld, 1978; Lehmann,
2000).
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A MECHANISM FOR THE GROUP OF OUTLIERS
It is assumed that the coding system evolved sequentially, expanding from a small
set of early attributions, and it is proposed that the GPS set are good candidates
for the early assignments (Guimar˜aes and Moreira, 2002). It is possible that other
substrates for the early synthetase functions were not available or that the activities
did not accept alternative substrates at those times but a selective pressure can be
proposed for the ﬁxation of the GPS group at the expense of other substrates whose
products did not develop functionality. The group is homogeneous with respect to
the property of metabolic stabilization of proteins when residing in their N-ends
(Varshavsky, 1996) and these amino acids occur preferentially to others in the N-
ends of the more stable proteins (Berezovsky et al., 1997, 1999). Another property
of the amino acids in the group, examined in Guimar˜aes and Moreira (2004), is of
providinghigh efﬁciency in the binding of RNA,so that they combine two properties
that would have been important for the building of an early ribonucleoprotein
system.
On the tRNA side, no indications could be gathered as precedents for the choice
of the homogeneous type of pDiN other than speculating on the simplicity of the
monotonic tracts of bases, relative to the complex heterogeneous sequences. Data
on the evolution of the 5S rRNA, which seems to be a close relative to the tRNAs
(Staves and Lacey, 1989), indicate that the evolution of organism complexity was
parallel to a reduction in monotonic tracts, but the searches were limited to adenine
clusters (Guimar˜aes and Erdmann, 1992). An obvious property of the poly-purine
and poly-pyrimidine sequences that could be relevant to the early processes would
be the formation of strings or helices with strongly contrasting hydropathies.
The lack of hydropathy correlation in the GPS group of attributions is obvious
from their constitution of hydro-apathetic amino acids and highly hydrophilic or
highly hydrophobic pDiN. The character of the early synthetases cannot be ad-
vanced in the present state of knowledge. Were the early catalyses helped by the
encoded polypeptides composed only of Gly, Pro and Ser, the pockets would be able
to acquire mostly the aperiodic coil and turns conformations, possibly depicting
limited catalytic abilities (see Jurka and Smith, 1987). Alternatively, the catalysts
which led to the ﬁxation of these attribution might not have been proteins, candi-
dates including possibly the tRNAs themselves or ribozymes, and such functions
would not obey the protein-dependent hydropathy correlation.
C
OARSE AND FINE TUNING
Given the local and enzymatic character of the process, it seems difﬁcult to expect
that the correlation was introduced as part of a generalized minimization of effects
of errors involving a large ensemble of protein types. It should have been focused
on a smaller set of functions such as the catalytic and of RNA binding of the aRS
and possibly on the energetic metabolism and on amino acid synthesis. The main
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evolutionary pressure might have focused on the development of the hydropathy
ﬁtting in the enzyme pockets, thereby contributing to lowering the translational
error rates.
In the process of gradual acquisition of codes, the minimization would have
worked stepwise, choosing among the set of substrates available at each step the
better ﬁtting ones. Between the two partitions of the hydropathy-correlated attri-
butions, it seems safe to choose as an intermediate stage the one composed either
by the non-outlier aRS class II attributions or the non-outlier attributions of the
homogeneous pDiN sector, which are appreciably overlapping. They conform to a
regression line with a 45
◦
slope, dominated by the pDiN of extreme hydropathies.
The last stage would correspond to the ﬁxation of attributions to the mixed pDiN
sector, which is composed mainly of the aRS class I attributions, and the regression
slope becomes steeper. The process of development of the hydropathy correlation
can then be described as gradual and dependent on the richness of the amino acid
composition of the enzymes. It started with the acquisition of the highly hydrophilic
and hydrophobic amino acids, necessary for the ﬁtting to the homogeneous types
of pDiN, and could later accept the pDiN of intermediate hydropathies, to which
the ﬁtting of the more complex amino acids could be obtained.
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Abstract 
 
  Knowledge on the evolution of aminoacyl-tRNA synthetases is crucial to studies on 
the  origins  of  life.  The  relationships  between  the  different  aminoacyl-tRNA  synthetase 
specificities in prokaryotic organisms are studied in this work. We reconstructed the ancestor 
sequences and the phylogenetic relationships utilizing the Maximum Likelihood method. The 
results suggest that in class I the evolution of the N-terminal segment was strongly influenced 
by the amino acid hydropathy in both domains of prokaryotes. The results for the C-terminal 
segments of class  I were different in  the  two  domains, indicating that its  evolution was 
strongly influenced by the specific types of tRNA modification in each domain. The class II 
groups in Archaea were more heterogeneous with respect to the hydropathy of amino acids, 
indicating  the  interference  of  other  influences.  In  Bacteria,  the  configuration  was  also 
complex but the overall consensual division in two groups was maintained, group IIa forming 
a single branch with the five hydroapathetic amino acid specificities and group IIb containing 
the specificities for the moderately hydrophobic together with the hydrophilic amino acids. It 
is indicated that the aminoacyl-tRNA synthetase in both domains were subjected to different 
selective forces in diverse parts of the proteins, resulting in complex phylogenetic patterns. 
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Introduction 
 
The aminoacyl-tRNA synthetases are central components of the cellular information 
transfer system, responsible for the fidelity of the correspondences between tRNAs and amino 
acids. Their study should be relevant for the understanding of the earliest steps in the origins 
of cells. Previous studies on their sequences defined the separation of two unrelated structural 
classes, each forming a homology family. The most remarkable characteristic of the classes is 
their approximate symmetry. Each class is responsible for the charging of about ten amino 
acids and the classes dock on different sides of the tRNA acceptor arms. Class I approaches 
more directly the minor groove of the helical stem, to reach more closely the bases, and class 
II the major groove, interacting more directly with the exposed parts of the nucleotides. A 
correlate  of the  modes  of  docking  is  that  class  I enzymes  aminoacylate  preferentially  the 
terminal adenosine of tRNAs on the 2’ position of the ribose, while class II enzymes do so on 
the 3’ position, only PheRS being atypical, acylating in the class I mode. Another atypical 
behavior of the charging systems is seen in the LysRS, that is class I in some organisms but 
more frequently class II. 
Sequence and tertiary structure analyses characterized the active site of class I by the 
formation of the Rossmann fold and by the presentation of two conserved motifs, HIGH and 
KMSKS.  Class  II active  site conformation is  arranged in sets  of  anti-parallel  beta-sheets 
flanked by alpha-helices and presents three specific conserved motifs (Cusack et al., 1991; 
Nagai and Mattaj, 1996; O’Donoghue and Luthey-Schulten, 2003). 
Besides their fundamental role in aminoacylation, these enzymes participate in other 
important aspects of cellular processes such as translational  and transcriptional regulation, 
RNA splicing, halormone biosynthesis and immune responses (Szymanski et al., 2000; Park 
et  al.,  2005),  which  indicate  their  enormous  versatility  in  composing  the  cellular  and 
organismal networks. 
Two other amino  acids  may be added to the code  on the  basis of utilizing the 
synthetases  in  a  different  way  or requiring new  ones.  These  are now  called instances  of 
recoding Stop codons occurring  internally  in some specific  mRNAs. The  mechanisms  are 
similar in both cases, dependent on the utilization of suppressor tRNAs for the Stop codons. 
The recoding with Selenocysteine (Sec) utilizes the SerRS and a tRNA for the UGA codon, 
charged with Ser to form a Ser-tRNA
Sec
 which is later modified to Sec-tRNA
Sec
 (Moschos, 
2000;  Driscoll  and Coperland,  2003).  The  recoding  with  Pyrrolysine  (Pyl)  utilizes  a  new 
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PylRS (class II, similar to the LysRS) and a tRNA for the UAG codon (Ibba and Soll, 2002; 
Srinivasan et al., 2002; Polycarpo et al., 2004; Krzycki, 2005). 
The sequence relatedness of the synthetases of each class was studied by Nagel and 
Doolittle (1991, 1995) and this is still the basic source of phylogenetic evidence. Their data 
base  was  composed  by  sequences  from  Escherichia  coli,  Bacillus  stearothermophilus, 
Rhyzobium meliloti and Saccharomyces cerevisiae, class II only having Escherichia coli and 
Saccharomyces cerevisiae sequences, and did not contain the CysRS. Sequences of the class I 
enzymes were studied separately for the N-terminal segments, involved with the binding of 
the amino acids and containing the HIGH motif, and for the C-terminal segments, involved 
with the binding of the bulk of the tRNAs and containing the KMSKS motif. They reported 
that  both  segments  conformed  to  one  same  tree  topology,  composed  of  three  groups: 
(Arginine  (R),  Isoleucine  (I),  Valine  (V),  Methionine  (M),  Leucine  (L)); (Glutamate  (E), 
Glutamine (Q)); and (Tyrosine (Y), Tryptophan (W)). Class II enzymes produced also three 
groups: (Proline (P), Serine (S), Threonine (T)); (Aspartate (D), Asparagine (N), Lysine (K)); 
and (Histidine (H), Alanine (A), Phenylalanine (F), Glycine (G)). The study of Martinis and 
Schimmel (1996) and Ribas de Pouplana and Schimmel (2001) regrouped the class II into IIa 
(PSTHAG), IIb (DNK) and IIc (F) and proposed a symmetry between the sizes of the groups 
in the classes, where class I is Ia (RIVMLC), Ib (EQK) and Ic (YW). 
A large database is now available on the aRS sequences so that a reevaluation of their 
evolutionary  relationships  can  be  approached.  Our  analysis  utilizes  the  method  of 
reconstruction of ancestral sequences through Maximum Likelihood (Koshi and Goldstein, 
1996).  The  procedures  of  reconstruction  of  ancestral  sequences  have  been  applied 
successfully  in  diverse  studies  such  as:  correlation  between  ecology  and  physiology  in 
mammals  (Benner  et  al.,  2002);  analysis  of  the  evolution  of  substrate  specificity  in 
biomedically important proteases (Chandrasekharan et al., 1996); characterization of the in 
vitro behaviors of proteins involved in inflammation and vision (Chang et al., 2002; Zhang 
and  Rosenberg,  2002);  studies  of  palaeobiochemistry,  to  obtain  indications  about  deep 
phylogenetic  relationships  between  bacteria  and  to  explore  the  character of ancient  life 
(Gaucher et al., 2003). 
 
Materials and Methods 
 
  Our study is based on the reconstruction of ancestral sequences for related groups and on 
producing trees from them. The database was limited to organisms with complete genomes 
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available. Since the computation cost rises sharply when the number of sequences exceeds 
thirty, the thirty-six organisms from the domain Bacteria were divided in two sections, based 
on phylogenetic relatedness  obtained from  the 16S rRNA:  section 1 (14  organisms) and 
section 2 (22 organisms). Domain Archaea contained sixteen organisms. Ancestral sequences 
were  obtained for each  of  the  amino acid specificities  through  the  Maximum  Likelihood 
procedure (PAML; Koshi and Goldstein, 1996; Yang, 1997). Whenever a set of sequences 
was indicated to be heterogeneous by the procedure, it was separated into more homogeneous 
subgroups, with sizes of at least five sequences; branches of smaller size were discarded. The 
trees were constructed by the Maximum Likelihood procedure with TREEFINDER (Jobb et 
al., 2004), utilizing the WAG distance matrix (Whelan and Goldman, 2001). All groups that 
were  found  homogeneous  for  the  construction  of  ancestral  sequences  were  utilized 
individually for the generation of the trees, but the Bacterial Sections 1 and 2 were considered 
one large ensemble for the generation of a single Bacterial tree. Various tests of excluding 
singular components of the trees were conducted, to check for their eventual participation in 
producing drastic changes in the overall topology, but no such effects were detected. 
  The  final  configuration of the sections and subsections of organisms utilized  for  the 
construction of the phylogenetic trees is shown in Table 1. It is seen that class II sequences of 
the  Bacterial  Section  1  and  the  C-terminals  of  class  I  sequences  of  Archaea  form 
homogeneous groups for all specificities. Among the class I, the greatest diversity is shown 
by the N-terminal segments and the Bacterial Section 2. The TrpRS is most remarkable due to 
the  widespread N-terminal  heterogeneity with  C-terminal  homogeneity.  The  CysRS  is  the 
only Class I specificity with full homogeneity; the homogeneity is more frequent among the 
Class II enzymes (GST). 
 
Results and Discussion 
 
  The  Archaea  are  the prokaryotic domain presenting  the  structural  and  functional 
organization more related to the Eucarya, and these two are considered sister groups (Woese 
et al., 1990). The tRNAs of Archaea show specific modifications and this makes necessary the 
study of their aRS in separate from those of Bacteria. It is typical of Archaea the presence of 
LysRS class I (Tumbula et al., 1999), which is class II in the other domains, and the absence 
of GlnRS and AsnRS; when they are present, it is indicated that they were obtained through 
lateral transfers. 
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  A  summary  of  the  amino  acid  and  anticodon  properties  found  relevant  for  the 
characterization of the synthetase class specificities (Table 2) indicates that: hydroapathetic 
amino  acids  are  characteristic  of  class  II  enzymes;  the  2’  mode  of  aminoacylation  is 
characteristic of the hydrophobic amino acid specificities, either by class I enzymes or by the 
atypical PheRS class II; small amino acids are characteristic of class II enzymes, and class I 
enzymes are typical of the bulky amino acids. The two atypical acylation systems correspond 
to the largest amino acids of class II and to the extreme amino acid hydropathies, and belong 
to the RAA : YUU pair of tRNAs. The 5’ Y dicodonic attributions are typical of class I or of 
punctuation, and the LysRS class II is atypical with respect to this character. 
 
Class II enzymes 
  This class does not contain conserved sequence domains as shown by class I but the 
three characteristic conserved motifs are embedded in variable sequences. Motif 1 is involved 
with  the  formation  of  the  active enzyme  dimers and  motifs  2  and 3  belong  in  the  active 
catalytic sites (Nagai and Mattaj, 1996). Accordingly, the reconstructions are simpler in the 
sense that all the ancestral sequences were utilized as one set but, otherwise, they were more 
complex  in  the  cases of  PheRS and  GlyRS where  the distinct  subunits  had  to  be  treated 
separately. Due to composition of the enzyme sets in the domains and data base deficiencies, 
we could not utilize the sequences from AsnRS, and LysRS was analyzed only in Bacteria. 
 
Archaeal class II 
  The two groups have  very different sizes (Figure 1). Group IIa (bootstrap 68.5) is 
penta-tomous:  D,  G,  S,  (A,  F  α-subunit;  bootstrap  86.4),  (H,  P;  bootstrap  77.8).  It  is 
heterogeneous  with  respect  to  amino  acid  hydropathy,  containing  four  of  the  five 
hydroapathetic but  mixed with the hydrophilic  D, the  moderately  hydrophobic A and one 
subunit of the enzyme for the extreme hydrophobic F. Group IIb has only T and the β-subunit 
of the enzyme for F (bootstrap <50). 
 
Bacterial class II 
  In contrast with Archaea, the two groups in Bacteria are large. Group IIa (bootstrap 
73.2) contains the five hydroapathetic amino acid specificities forming a single branch, from 
GlyRS (the α-subunit of section 1  is together with the β-subunit in the group) to HisRS and 
then  the PTS  subgroup  (bootstrap 71.5; the three  amino  acids  correspond to  central G 
anticodons; the hydroxylated amino acids are linked by a boostrap of 95; Figure 1). The PTS 
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subgroup was already noted in the analysis of E. coli sequences by Nagel and Doolittle (1991, 
1995). 
  The α-subunit of GlyRS, in the organisms of section 2, is also basal to the enzymes of 
group IIb, which is tri-tomous (bootstrap 77.9); it contains the moderately hydrophobic A, the 
hydrophobic F (β-subunit), and the α-subunit of PheRS occurs together with the specificities 
for  the hydrophilic  D  and K  (bootstrap 65.1).  The hydrophilics have  distinct side chain 
characters but correspond to similar anticodons and are linked by a boostrap of 59.9. The 
divergent evolutionary  paths  followed  by  the  subunits  of  GlyRS  are  evident  between  the 
bacterial  sections  and  those  followed  by  the  subunits  of  PheRS  are  seen  between  the 
prokaryotic domains. 
 
Class I enzymes 
Archaeal class I, C-terminal (motif KMSKS) 
  Two groups were obtained, both with mixtures of the hydropathic characters. Group Ia 
is formed  by  one branch with  the  hydrophobic  amino  acids  L,  V  and  I, maintaining  the 
branched side  chains  together  (bootstrap  71.6),  and  another  branch mixing  the  sulfurated 
hydrophobic  M  and  the  hydrophilic  E  (bootstap  66.6).  Group  Ib  is  composed  by  the 
specificities for C, R, Y and W (bootstrap 81.4). There is a high relatedness of TyrRS and 
TrpRS, the aromatics of moderate hydrophobicity (Figure 2). 
  The grouping of C and R with Y and W could be related to the function of the C-
terminal in tRNA-binding since these four amino acids correspond to NYR anticodons; the 
only other specificity of class I with this anticodon constitution is for Q, which has not been 
examined in our study.  This rationale is only partially valid for the group Ia, not explaining 
the inclusion of E in the group characteristic of the aliphatic and hydrophobic amino acids and 
with the central A anticodons (LVIM).  
 
Archaeal class I, N-terminal (motif HIGH) 
  The tree is also composed of two groups, but with an exchange of C and E between 
them, in relation to the tree for the C-terminal (Figure 3). Group Ia contains all specificities 
for the hydrophobic amino acids, either the sulfur-containing or those with branched aliphatic 
side chains, branching sequentially from CysRS (CLMIV; bootstrap 91.7), and the high 
relatedness of IleRS and ValRS is highlighted. Group Ib is  poly-tomous, containing the 
hydrophilic (E, R) and the moderately hydrophobic amino acids (YW; bootstrap 76.8). 
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  The  dominance  of  the  amino  acid hydropathic character in determining  the  group 
division is clear (see Table 2), which is consistent with the amino acid-binding function of the 
N-terminal segment. The typical character of group Ia  is the hydrophobicity  of the amino 
acids,  while  those  composing  group  Ib  are  of  mixed  character,  either  hydrophilic  or 
moderately hydrophobic. Amino acid sizes do not correlate with the group divisions. 
  The location of ArgRS, together with GluRS, is different from its grouping with the 
hydrophobics shown by Nagel and Doolittle (1991, 1995). Our results make more sense with 
respect to the character of the aminoacylation reaction, which joins all hydrophilics of class I 
(REQ; Nagai and Mattaj, 1996) in the aspect of requiring the tRNA-binding in the first step. 
  It is clear that the N- and C-terminal segments were subjected to different types of 
selective pressures, which  may also give  support to  suggestions of other authors that they 
might have had independent origins (Schimmel and Ribas de Pouplana, 2000; Alexander and 
Schimmel, 2001). Evidence for the influence of amino acid hydropathy was more significant 
for the evolution of the N-terminal but the forces acting on the C-terminal segments were 
more complex, indicating a participation of the tRNA recognition signals. 
 
Bacterial class I, C-terminal (motif KMSKS) 
  The  tree  reconstruction  (Figure  2)  produced  again two  groups  but  with  a  large 
reduction  of  group  Ib  to  only the  hydrophilic amino acid  specificities  ArgRS  and GluRS 
(bootstrap <50) and the incorporation of the moderately hydrophobic TyrRS and TrpRS to the 
group of the hydrophobic amino acids (Ia). This became octa-tomous (bootstrap 79.7) due to 
the  persistence  of  the  division  of  MetRS  in the two  sections  and to the  loss  of the  high 
similarity of the moderately hydrophobic. The grouping together of the hydrophilics, in spite 
of lacking statistical support, is also coherent with the functional character of the enzymes, 
requiring the tRNA-binding in the first step of the acylation reaction. 
The indication is reinforced that the evolutionary  paths  followed by Archaea  and 
Bacteria were distinct, which  is shown  mainly by the  groups formed  by the C-terminal 
segments. This is certainly related to the mechanisms of tRNA recognition, dependent on the 
different  tRNA base  modifications  in the  groups  of  organisms.  It  is  also  evident  that our 
division of the  Bacteria  domain  in  sections  influenced  strongly the  topology of the trees, 
which highlights that the overall picture built for larger groups might be oversimplifications. 
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Bacterial class I, N-terminal (motif HIGH) 
  Group Ia showed the same composition found with the Archaeal sequences (bootstrap 
67.2; Figure 3). The distinct behavior of the MetRS in the sections 1 and 2 did not change its 
group location. The high similarity of IleRS and ValRS is maintained (bootstrap 93.4). The 
topology of group Ib was changed with respect to the Arc-Ib, the main difference being the 
separation of Y and W due to the high similarity of one of the ArgRS (section 1) to TyrRS 
(bootstrap 80.9) and of the other (ArgRS, section 2) to GluRS and TrpRS (bootstrap 54.2 
globally, 80 for GluRS and TrpRS). 
  It is indicated that different evolutionary pressures might have caused the different tree 
configurations between the Archaea and Bacteria domains, especially among the enzymes for 
the moderately hydrophobic and hydrophilic amino acids of group Ib.  
 
The consensual groups 
  An attempted consensus can be obtained from the trees by considering that all of them 
form two groups and that each of these presents some constant members (Table 3). It is also 
interesting to note that the constant members of the groups reached identical sizes: groups Ia 
and IIa have four constant specificities each and groups Ib and IIb one each. Nonetheless, 
such apparent symmetry could not yet offer clues to a consistent explanation. The constant 
members of group IIa are all  hydroapathetic  and include  the outliers of the hydropathy 
correlation (GPS, in  the pairs  of anticodons NCC :  NGG and NGA : NCU  ; Farias et  al. 
(2006)), which have been proposed to be the first attributions of the code (Guimarães and 
Moreira, 2004a, 2004b; Guimarães et al., 2007 (in press)). The constant members of group Ia 
are all hydrophobic and correspond to central A anticodons (Table 2).  
 
Conclusion 
 
  The  utilization  of the  method  of  reconstructing  ancestral  sequences  for  tracing  the 
evolutionary relatedness of ancient proteins was shown to be adequate for the study of the 
aminoacyl-tRNA synthetases. This study traces the routes followed by these enzymes in the 
two prokaryotic domains. The strategy of building ancestral sequences from strictly coherent 
sets inside each domain increased the length of the analyses but allowed the construction of 
trees with a high confidence level and presenting details that revise previous results. 
  It was shown that  each  of the  classes  is  composed of  two  groups,  there  being  no 
justification for further division. The constant members of each group could be defined and it 




  97
 

became clear that the groups followed mainly the hydropathic character of the amino acids, 
which  is  indicative of the  hydropathy correlation  in the  genetic  code  matrix  having been 
produced by the synthetases (Farias et al., 2006). The four constant members of group IIa 
were consistently hydroapathetic and those of group Ia consistently hydrophobic. Groups IIb 
and Ib showed only one constant component each. In the class II, an interesting detail was 
added  referring  to  the  enzymes  with  two  subunits,  that  presented  divergent  behaviors 
according to some sections of the sample of organisms: GlyRS is a constant member of group 
IIa but the constancy, in the two sections of the Bacteria domain, was maintained only by the 
β-subunit; PheRS is the constant member of group IIb but this character was followed only by 
the β-subunit, since the α-subunit behaved differently in Bacteria and Archaea. 
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Figure  1.  Phylogenetic  reconstruction  for  the  aminoacyl-tRNA  synthetases  class  II  of 
prokaryotes. 
In  bacteria, the  first number after the  amino acid name indicates the sections of 
organisms (1 and 2)  formed previous to the analyses, and the second number  indicates 
subsections required by the ancestor sequence calculations. In archaea, the numbers indicate 
the sections formed by the ancestor sequence calculations. 
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Figure 2. Phylogenetic reconstruction for the C-terminal segments of the aminoacyl-tRNA 
synthetases class I of prokaryotes.  
 
 




[image: alt]  104
 

Cys
Leu
Met
Ile
Val
83.6
63.9
61.2
91.7
Glu
ArgCrena
ArgEury
74.9
Tyr
Trp1
Trp2
100
76.8
Met1
Cys1
Cys2
99.9
Leu1
Leu2.3
Leu2.1
Leu2.2
98.5
93.5
98
Met2.1
Met2.2
99.3
Ile1
Ile2
99.9
Val1
Val2.1
Val2.2
100
99.5
93.4
67.2
Arg2
Glu1
Glu2
80.7
Trp1.1
Trp1.2
58
Trp2.1
Trp2.3
Trp2.2
53.3
96.1
95.8
80
54.2
Arg1.1
Arg1.2
98.9
Tyr1.2
Tyr1.1
Tyr2
67.4
69.8
80.9
Class I (N-terminal)
Archaea Bacteria
Cys
Leu
Met
Ile
Val
83.6
63.9
61.2
91.7
Glu
ArgCrena
ArgEury
74.9
Tyr
Trp1
Trp2
100
76.8
Met1
Cys1
Cys2
99.9
Leu1
Leu2.3
Leu2.1
Leu2.2
98.5
93.5
98
Met2.1
Met2.2
99.3
Ile1
Ile2
99.9
Val1
Val2.1
Val2.2
100
99.5
93.4
67.2
Arg2
Glu1
Glu2
80.7
Trp1.1
Trp1.2
58
Trp2.1
Trp2.3
Trp2.2
53.3
96.1
95.8
80
54.2
Arg1.1
Arg1.2
98.9
Tyr1.2
Tyr1.1
Tyr2
67.4
69.8
80.9
Class I (N-terminal)
Archaea Bacteria
 
 
Figure 3. Phylogenetic reconstruction for the N-terminal segments of the aminoacyl-tRNA 
synthetases class I of prokaryotes.  
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Table 1. Heterogeneity detected in the synthetase sequences for each of the specificities in the 
prokaryotic domains. 
  The sequences of AsnRS, GlnRS, archaeal LysRS class II and bacterial LysRS class I were 
not  sufficient to compose adequate section sizes. The  number of homogeneous  sections 
formed according to the calculation procedure for ancestral sequences is shown. 
 
C-terminal  N-terminal Class 
II 
 
Arc 
 
Bac 1 
 
Bac 2 
Class 
I 
Arc  Bac 1  Bac 2  Arc  Bac 1  Bac 2 
Gly  1  α1  α1  Glu  1  1  2  1  1  1 
    β1  β1  Leu  1  1  1  1  1  3 
Ser  1  1  1  Arg  1  2  1  2  2  1 
Pro  2  1  1  Val  1  1  2  1  1  2 
Asp  1  1  2  Cys  1  1  1  1  1  1 
Lys  -  1  1  Lys  -  -  -  -  -  - 
Phe  α2  α1  α1  Trp  1  1  1  2  2  3 
  β1  β1  β2  Ile  1  1  2  1  1  1 
Ala  2  1  2  Met  1  1  2  1  1  2 
His  2  1  2  Tyr  1  1  1  1  2  1 
Thr  1  1  1               
Asn  -  -  -  Gln  -  -  -  -  -  - 
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Table 2. Amino acid and anticodon specificity of the synthetase classes. 
  A. Amino acid properties in the synthetase classes: hydropathy from Farias et al. (2006), 
side chain volume, in Å, from Grantham (1974). B. Synthetase classes in the genetic anticode 
matrix: the anticodonic principal dinucleotides (pDiN) are read from the central to the 3’ base; 
the atypical specificities are marked *; the dicodonic components of the class I hexacodonics 
are considered expansions of the synthetase specificities, in square brackets. 
A 
Hydropathy  Class II  Class I 
Hydrophobic  Phe (0.000)*  Ile (0.029), Met (0.059), Leu 
(0.066), Val (0.069), Cys (0.111) 
Moderately hydrophobic  Ala (0.258)  Trp (0.325), Tyr (0.361) 
Hydroapathetic  Gly (0.423), Thr (0.438), 
Ser (0.508), His (0.573), 
Pro (0.677) 
- 
Hydrophilic  Asn (0.809), Asp (0.962), 
Lys (1.000)* 
Gln (0.841), Glu (0.935),  
Arg (0.982), Lys (1.000) 
Volume 
   
Small  Gly (3), Ala (31), Ser (32), 
Pro (32.5) 
- 
Medium  Asp (54), Asn (56), Thr (61)
 

Cys (55) 
Large  His (96),  
Lys (119)*, Phe (132)* 
Glu (83), Val (84), Gln (85), Met 
(105), Leu and Ile (111), Lys (119), 
Arg (124), Tyr (136), Trp (170) 
B  
pDiN pair 
5’ R  5’ N  5’ Y  RN 3’  5’ R  5’ N  5’ Y  YN 3’ 
1    Pro II    GG    Gly II    CC 
2    Ser II    GA  Ser II    [Arg] I  CU 
3    Leu I    AG  Asp II    Glu I  UC 
4  Phe II*    [Leu] I  AA  Asn II    Lys I  UU 
              Lys II*   
5    Ala II    GC    Arg I    CG 
6    Val I    AC  His II    Gln I  UG 
7    Thr II    GU  Cys I    Trp I  CA 
              Stop   
8  Ile I    Met I  AU  Tyr I      UA 
      iMet        Stop   
      Ile I           
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Table 3. Constant and variable components of the homology groups of the synthetase classes 
of prokaryotes. 
  The β-subunit is the constant component of the bacterial GlyRS, while the α-subunit 
behaves differently in the two sections of bacteria. The constant member of group IIb is the β- 
subunit of PheRS; the α-subunit behaves differently in Bacteria and Archaea. 
 
Class II   Group a   Group b 
  Constant  Variable  Variable  Constant 
Arc  G, P, S, H    A, D, Fα  T    Fβ 
Bac  Gβ, P, S, H  T, Gα (S1)
 

   Gα (S2)  A, D, K, Fα  Fβ 
   
Class I, C-terminal  a   B 
Arc  L, V, I, M      E  C  W, Y    R 
Bac  L, V, I, M  C  W, Y        E  R 
    N-terminal  a   B 
Arc, Bac  L, V, I, M  C        W, Y  E  R 
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Parte II 
 
Termoestabilidade e origem da vida 
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Termoestabilidade e Origem da Vida 
 
 
  A pesquisa sobre as origens da vida é diretamente relacionada com a definição do 
ambiente onde este evento se desenrolou. Varias são  as proposições sobre o ambiente 
primitivo, existindo enumeras propostas principalmente sobre a constituição da atmosfera 
primitiva. Porém, quando pensamos acerca da temperatura inicial, duas grandes vertentes 
de pensamentos nos são apresentadas. Uma delas propõe uma origem em um ambiente 
mais  ameno,  estando  os  elementos  iniciais  sob  uma  temperatura  semelhante  a  que 
conhecemos hoje no planeta. Uma segunda linha de pensamento propõe que os elementos 
iniciais e necessários ao desenvolvimento da vida, estariam em um ambiente hoje tido 
como termófilos ou hipertermófilos.  
A opção entre uma ou outra linha de pensamento é de extrema importância para 
podermos  desenvolver  com  coerência  uma  linha  de  eventos  que  culminaram  no 
fenômeno vida. Ambas propostas nos oferecem  seqüências  lógicas de eventos,  porém 
partem de pressupostos aparentemente incoerentes.  
Entre  as  duas  linhas  de  pensamento,  a  que  propõe  a  origem  da  vida  em  uma 
temperatura mais amena ganha uma grande força através das teorias que sugerem o RNA 
como a molécula inicial. Um destes argumentos baseia-se na instabilidade desta molécula 
em  temperaturas elevadas,  não  podendo  por  tanto  prosseguir  o  fenômeno  vida  nestas 
circunstâncias. Porém não só este argumento esta em favor de uma origem da vida em 
ambiente  mais  ameno.  A  decomposição  química  de  outros  compostos  tidos  como 
essenciais  à  vida,  como  aminoácidos,  riboses,  bases  nitrogenadas  e  outros  compostos 
orgânicos, é muito rápida, ocorrendo em menos de cinco minutos em temperaturas entre 
250 e 300 graus Celsius (Islas e colaboradores, 2003). A taxa de hidrolise de dipeptídeos 
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e  aminoácidos  aumenta  exponencialmente  em  ambiente  aquoso  segundo  estudos 
realizados simulando um provável ambiente primitivo (Qian e colaboradores, 1993). 
Compostos  importantes  para  formação  da  vida  têm  sua  meia  vida  em  condições 
termofílicas reduzida, como por exemplo ribose, citosina e adenina, com meia vida de 73 
minutos, 21 dias e 204 dias respectivamente (Miller e Lazcano, 1995). No caso de 
aminoácidos, há  uma  situação conflitante. Alguns aminoácidos  como por exemplo a 
alanina  têm  uma  meia  vida  de  decarboxilação  em ambiente  termofílico  em  torno  de 
19,000 anos, enquanto serina tem  meia  vida de  decarboxilação em torno de  320 dias 
(Miller e Lazcano, 2002).  Outro dado a favor de uma origem mesofílica vem do registro 
paleontológico e de fosseis moleculares. Segundo estes registros, a terra que se postula 
ter sua formação em cerca de 4,6 bilhões de anos e sua hidrosfera formada a 4,4 bilhões 
de anos, passou por um período de rápido esfriamento. Posteriormente, a terra passou por 
um período de fortes e constantes impactos a cerca de 3,8 bilhões de anos, que poderia ter 
levado ao uma nova onda de aquecimento. Entretanto, os registros paleontológicos e de 
fosseis moleculares demonstram uma origem termofílica da vida a cerca de 3,49 a 3,43 
bilhões de anos. Desta maneira este registro fóssil termofílico poderia ter sido já parte de 
um  processo  de  diversificação  da  vida  e  o  não  inicio  da  vida  em  si  (Tekaia  e 
colaboradores, 1999). 
As evidências que apontam para um ambiente termófilo para origem e evolução 
da vida vêm a cada ano que passa ganhando força, principalmente através da descoberta 
de novos grupos de organismos que vivem nestes ambientes, assim como, através das 
novas  técnicas  que  possibilitam  o  cultivo  destes  organismos  em  laboratórios  e  o 
conhecimento cada vez mais aprofundado de sua biologia molecular. 
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  Propostas que postulam o calor como fonte de energia para vida são conhecidas 
desde a Grécia antiga. Entretanto, apenas na década de 1970, estudos mais minuciosos 
foram realizados. Dentre estes estudos, o realizado por Fox e Dose em 1977, representa 
um marco nos estudos  do ambiente  primitivo. Nestes  experimentos foram colocados 
aminoácidos  livres  sob  uma  base  sólida  contendo  pouca  água  e  aquecida  a  altas 
temperaturas. O resultado obtido mostrou a formação de glóbulos protéicos, assim como 
cadeias  de  aminoácidos,  ao  qual foram  chamados  de  proteinoides.  Estes  proteinoides 
apresentaram propriedade de catalise para diversas reações e também apresentaram uma 
forma de reprodução, que visualmente era muito similar à divisão binária, comum em 
muitos procariotos. Dados evolutivos recentes baseados em RNA 16S ribossômico, vêm 
demonstrando que os grupos de organismos termófilos estão situados em posições basais 
em árvores filogenéticas (Di Giulio, 2003; Gaucher e colaboradores, 2003), assim como 
também em análises de arvores filogenéticas baseadas em seqüências de tRNAs e testes 
experimentais  usando  resíduos  de  enzimas  modificados  (Miyazaki  e  colaboradores, 
2001). Outros dados como a produção de elementos essenciais tais como aminoácidos e 
bases  nucleotídicas  também  já  foram  obtidos  a  partir  de  condições  termofílicas 
utilizando-se como elementos precursores cianeto, amônia, água e gás carbono (revisado 
em  Fox  e  Dose,  1977).  Estudos  têm  mostrado  que,  sob  condições  salinas,  que 
possivelmente estariam presentes em um  ambiente primitivo termofílico, tanto o DNA 
como o RNA consegue estabilidade (Tehei e colaboradores, 2002). Di Giulio calculou a 
provável temperatura para formação do código genético, encontrando valores entre 113 e 
67 graus Celsius, suportando com estes dados uma origem termofílica para a vida (Di 
Giulio, 2000). Um dos principais problemas da química pré-biótica é a fosforilação de 
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compostos orgânicos, sendo esta uma das principais fontes de energia dos sistemas vivos. 
Fontes de fosfato orgânico na Terra primitiva podem ter advindo da atividade vulcânica 
neste período. Estudos têm mostrado a possibilidade de um dos principais produtos de 
atividade  vulcânica, o trimetafosfato,  em  um ambiente termofílico,  ser  um reagente 
utilizado  na  fosforilação  de  compostos  como  ADP  em  solução  aquosa  (Ozawa  e 
colaboradores, 2004). 
  Os artigos que compõem esta segunda parte da presente tese, visam demonstrar a 
importância do aumento dos aminoácidos lisina e ácido glutâmico, e a diminuição dos 
aminoácidos  hiistidina e glutamina  na termoestabilidade,  integrando  esta  característica 
com a expansão dos códons para o aminoácido arginina como proposto no Modelo Auto-
referente.  
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Abstract
The average protein (E+K)/(Q+H) ratio in organisms has already been demonstrated to have a strong correlation with their optimal
growth temperature. Employing the Thermo-Search web tool, we used this ratio as a basis to look for thermostable proteins in a
mesophile, Xylella fastidiosa. Nine proteins were chosen to have their three-dimensional structures modeled by homology, using mainly
proteins from mesophiles as templates. Resulting models featured a high number of hydrophobic interactions, a property that has been
previously associated with thermostability. These results demonstrate the interesting possibility of using the (E+K)/(Q+H) ratio to ﬁnd
individual thermostable proteins in mesophilic organisms.
r 2006 Elsevier Ltd. All rights reserved.
Keywords: Thermostability; Xylella fastidiosa; Modeling; Protein
1. Introduction
The resistance of some microorganisms to extremely
high temperatures has been attracting attention from
scientists around the world for a long time, not only for
the scientiﬁc curiosity these organisms inspire, but also
because of the enormous potential biotechnological power
they may feature.
Characteristics that tend to stabilize a protein usually
involve a small number of intermolecular interactions.
Proteins from hyperthermophlic organisms do not usually
differ strongly from their mesophilic counterparts
(Jaenicke and Bohm, 1998).
Comparison between proteins from organisms that live in
high temperatures (thermophiles and hyperthermophiles) to
homologous proteins from organisms that grow in moder-
ate temperatures (mesophiles) is a common methodology
for studies that aim to understand how proteins can
maintain their properties in extreme environments. The
depth and breadth of these comparative studies is ever
expanding thanks to the rising number of thermophilic and
hyperthermophilic proteins to have their structures deter-
mined, as well as the improvements in protein modeling
methods (Chou, 2004; Farias et al., 2004).
The ﬁrst protein property associated with thermostabil-
ity to be well studied was amino acid composition. A
common observation is an increased number of charged
residues (especiall y Glu, Arg and Lys) in thermostable
proteins, as well as a decreased number of polar residues
(especially Ser, Thr, Asn and Gln) (Haney et al., 1999). An
increase in the number of charged residues has been
described speciﬁcally in alpha helices, organized in a way to
form stabilizing ion pairs (Das and Gerstein, 2000;
Chakravarty et al., 2002). In general , increased ion pair
networks have also been observed particularly in hy-
perthermophilic organisms (and, to a lesser extend, in
thermophilic organisms) through a higher number of salt
bridges (Baker, 2004; Karshikoff and Ladenstein, 2001).
According to Hendsch and Tidor (1994), however, most
salt bridges are electrostatically destabilizing, and mutation
of salt bridges, particularly those that are buried, to
‘‘hydrophobic bridges’’ (that pack at least as well as wild
type) can result in proteins with increased stability. Spassov
et al. (1995) analysed hydrophobic and electrostatic
interactions in proteins from 14 thermophilic or ganisms
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and concluded that proteins from thermophiles are
primarily stabilized by a high degree of optimization of
hydrophobic interactions, and highly optimized charge–
charge interactions occur when optimization of hydro-
phobic interactions is not sufﬁciently high.
Szilagyi and Zavodszky (2000) systematically studied the
validity of various factors previously proposed as indica-
tors of protein thermostabi lity, using a sample of carefully
chosen protein families, each containing homologous
proteins from mesophiles, thermophiles and hyperthermo-
philes. They concluded that there is a high diversity in
adaptation strategies to high temperatures among the
families in the sample. From the structural viewpoint, the
only consistently observed rule was a rise in the number of
ion pairs with increased temperatures. It was also shown
that proteins from hyperthermophiles and thermophlies
adopt different strategies of thermal stabilization.
Farias and Bonato (2003), analyzing 28 proteomes from
organisms belonging to the three domains of life, related
the ability of a protein to be stable in high temperatures to
an increased number of Glu (E) and Lys (K) residues, as
well as a decrease in the number of Gln (Q) and His (H ).
Based on these results, they suggested that the (E+K)/
(Q+H) ratio can be used as an indication of adaptations to
high temperatures: hyperthermophiles would have pro-
teomes with an average ratio higher than 4.5; the ratio in
thermophiles proteomes would be between 3.2 and 4.6;
mesophiles proteomes ratio would be lower than 2.5.
A broader analysis of the available data could be per-
formed after Thermo-Search (www.dbm.ufpb.br/bioinfo/
thermo-search) was developed. Thermo-Search is a web
application that enables users to search and compare the
(E+K)/(Q+H) ratio between organisms and proteins. It
has already been used to demonstrate that there is indeed a
correlation between the average (E+K)/(Q+H) ratio of a
microorganism proteome and its optimal growth tempera-
ture (Farias et al., 2004).
Proteins with thermostable properties have important
scientiﬁc and industrial applications . Culture of thermo-
philic an d hyperthermophilic organisms in laboratory,
however, can be very challenging in terms of costs and
availability. The possibility of ﬁnding, in mesophilic
organisms, proteins that could endure extremely high
temperatures, is of great scientiﬁc and practical interest.
Xylella fastidiosa is an insect-transmitted bacterium that
infects the xylem of a great variety of plants, including
grapevine, citrus, periwinkle, almond, oleander and coffee
(Van Sluys et al., 2003). Distinct lineages of X. fastidiosa
are responsible for different plant infections that cause
great economical damage to agriculture in many parts of
the world (Nunes et al., 2003). X. fastidiosa was chosen in
our study as a model of a mesophilic organism.
2. Results and discussion
We used the Thermo-Search tool to ﬁnd all X. fastidiosa
proteins with a ðE þ KÞ=ðQ þ HÞ ratio typical of hy-
perthermophiles (greater than 4.5). It is noteworthy that
in many cases the highest ðE þ KÞ=ðQ þ H
Þ ratios in the
Thermo-Search database tend to be found in proteins
related to transcription or translation processes, such as
RNA polymerases and ribossomal proteins, or proteins
already known to be associated with processes that occur in
high temperatures, such as heat shock proteins. The study
of this pattern can lead to interesting conclusions that
should be the subject of further work.
In our search results, we found 31 proteins (data not
shown). These proteins can be assorted in 17 groups,
according to their descriptions. Seven of these groups were
related to translation and transcription processes and for
this reason were not included in this study. A heat-shock
protein (chaper onin) was also not included. Two other
proteins (colicin and a phage-related protein) were a lso not
included because no suitable templates could be found in
PDB for homology modeling. Among the remaining
proteins, a bias was observed toward functions related to
membrane proteins, especially proteins related to conjuga-
tion processes. The reason for this bias is unknown. Nine
proteins were chosen to be modeled and evaluated:
Acyl carrier protein (ACP): Osiro et al. (2004) afﬁrm
that X. fastidiosa , as expected, is able to synthesize fatty
acid, presumably present mainly in the form of membrane
phospholipids, a vital component of almost all living
organisms. Normal fatty acid synthesis involves the initial
activation of the ACP.
Conjugal transfer protein: Three proteins are described as
‘‘conjugal transfer protein’’. A BLAST search in GenBank
(Altschul et al., 1997) revealed that the ﬁrst protein is a
TraF, a protein related to pili synthesis (Audette et al.,
2004), and the second protein is a TraD, a membrane
protein involved in plasmid transfer. No relevant similary
was found for the third protein.
Mechanosensitive channel protein (MscL): MscL is a
mechano-sensitive channel controlled by membrane ten-
sion in the lipid bilayer (Chang et al., 1998).
Pilus protein: Pili are bacteria structures used in
conjugation. They have been described in Agrobacterium
tumefaciens, also a phytopathogen, to hav e an important
role in virulence (Kado, 2000).
Rubredoxin: Rubredoxins are the simplest type of
iron–sulphur proteins and in recent years they have been
used as model systems in protein folding and stability
studies, especially the proteins from thermophilic sources.
These proteins are ubiquitously found in all life domains,
and they are involved in electron transfer processes, acting
as electron carriers and in some cases its biological function
has been elucidated (Henriques et al., 2005).
Septum site-determining protein: A BLAST search in
GenBank revealed that this is a MinD protein, a membrane
ATPase that regulates cell division septum site through
activation and regulation of MinC and MinE (Sakai et al.,
2001).
TolR protein : The Tol-PAL protein system, which
includes TolR, is necessary for the import of some colicins
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and to maintain the stability of the outer membrane in
Gram-negative proteins (Germon et al., 2001).
The BLAST interface to PDB provided by Expasy
(Gasteiger et al., 2003) was used to identify possible
templates for each of these proteins. It is impor tant to
remark that, with the sole exception of the template
protein found for ‘‘septum site-determining protein’’
(MinD), that belongs to Archaeogl obus fulgidus, a thermo-
phile, and all other resulting template proteins were
from mesophiles. This is important, since we are evalua-
ting protein properties related to thermostability,
because it avoids the possibility of the resulting models
to be inﬂuenced by the templates in regard to these
properties.
Homology modeling is known to be the most powerful
method for determining the structure of a protein when
similar structures from other proteins are available. (Lubec
et al., 2005). The MOD ELLER tool (Sali and Blundell,
1993) was used to align each protein with their respective
templates and to calculate the three-dimensional structure
of the target protein based on this alignment (Fig. 1). All
parameters were used with their default values and the full
homology routine was executed.
The quality of the resulting structures was evaluated
with the PROCHECK software (Laskowski et al., 1993),
which, among other results, calculates the Ramachandran
plot of proteins. Fig. 2 represents the percentage of
residues that was calculated as belonging to the most
favorable regions in the Ramachandran plot for each
template and model. It can be observed that that quality of
the models was comparable to that of the corresponding
templates.
The consideration that homologous thermostable and
non-thermostable proteins tend to have high struc tural
similarity (Jaenicke and Bohm, 1998) is also good evidence
that the models that have been constructed are well su ited
for the purposes of this study.
The STING ‘‘Graphical Contacts’’ module (Neshich
et al., 2003) was used to calculate atomic contact maps for
all structures. The output of the softwar e allows different
classes of contacts to be compared and contrasted, and the
comparison of the number of hydrophobic contacts
between templates and models stood out in relevance
(Fig. 3): a signiﬁcant increase in the number of hydro-
phobic interactions was observed in the models, in
comparison to their respective templ ates, with exception
of only two proteins (both labeled as ‘‘conjugal trans fer
proteins’’). This is in accordance to what we would expect
from what has already been described in other comparison
studies (Spassov et al., 1995). No signiﬁcant differences
were found in other types of interactions also calculated by
the STING ‘‘Graphical Contacts’’ software (hydrogen
bonds, aromatic ring stacking contacts, electrostatic con-
tacts and disulﬁde bridges).
The observed increase in the number of hydrophobic
interactions in the generated models also corroborates
previous observations from other authors that a compact
protein core is a fundamental property of proper cellular
functioning in high temperatures. A high number of
hydrophobic interactions in a protein tend to make it repel
water more strongly in environments with high kinetic
ARTICLE IN PRESS
Fig. 1. Three-dimensional structure of the models: (A) conjugal transfer protein 1, (B) conjugal transfer protein 2, (C) conjugal transfer protein 3,
(D) TolR protein, (E) MscL protein, (F) pilus protein, (G) septum site-determining protein, (H) acyl carrier protein and (I) rubredoxin.
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[image: alt]energy, which compacts the protein core, increasing the
protein overall stability (Lubec et al., 2005).
3. Conclusion
The fact that proteins with these characteristics could be
found based solely on their ðE þ KÞ=ðQ þ HÞ ratio, which
has no direct correlation with hydrophobic interactions or
folding properties, further corroborates the applicability of
the ratio as a measure of thermostability and indicates that
proteins with resistance to high temperatures can be found
even in mesophilic organisms, which could open new
possibilities in the discovery and production of relevant
thermostable enzymes.
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Fig. 2. Percentage of residues found in the most favorable regions of the Ramachandran plot for each template and model.
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Fig. 3. Comparison of the number of hydrophobic contacts between models and their respective templates, according to the STING module ‘‘Graphical
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Abstract Variations of arginine codon usage between
organisms may have important implications to thermo-
stability. The preferential usage of AGR codons for
arginine in thermophiles and hyperthermophiles implies
positive error minimization, contributing to avoid muta-
tions that could harm protein thermostability. This bias is
not a mere consequence of increased G + C content, as it
has been previously suggested, and may represent a new
mechanism of adaptation to protein thermostability.
Keywords Codon usage Æ Thermostability Æ
Adaptation Æ Error minimization
Introduction
Hyperthermophiles have increasingly fascinated
researchers all over the world in the last decades, as
evidenced by the increasing number of hyperthermo-
philic organisms that have been described in the last
years. A more complete comprehension of the molecular
mechanisms of thermostability is currently an important
goal of structural biology.
The structural determinants of thermostability are now
beginning to be understood. Most frequently reported
trends in hyperthermophilic proteins include an increase
in van der Waals interactions (Berezovsky et al. 1997),
higher core hydrophobicity (Schumann et al. 1993),
additional networks of hydrogen bonds (Jaenicke 2000),
enhanced secondary structure propensity (Querol et al.
1996), ionic interactions (Ventriani et al. 1998), increased
packing density (Hurley et al. 1992) and decreased length
of surface loops (Thompson and Eisenberg 1999).
Farias and Bonato (2003) analyzed 28 proteomes
from organisms belonging to the three domains of life
and related the ability of a protein to be stable in high
temperatures to an increased number of Glu (E) and Lys
(K) residues, as well as a decrease in the number of Gln
(Q) and His (H) residues. Based on these results, they
suggested that the (E + K)/(Q + H) ratio could be
used as an indicator of adaptations to high tempera-
tures: hyperthermophiles would have proteomes with an
average ratio higher than 4.5; thermophiles proteomes
ratio would range between 3.2 and 4.6; mesophiles
proteomes would have a ratio below 2.5. A codon usage
bias was also observed: thermophiles and hyperther-
mophiles tend to employ AGR to encode for arginine,
whereas mesophiles tend to employ CGN. Codon usage
can be an evidence of positive and negative error mini-
mization in translation. The choice for AGR in ther-
mophiles and hyperthermophiles implies positive error
minimization: mutations from G to A in the second base
of these codons would change them to codons for lysine,
which is also positively charged and important for
thermostability. The choice for CGN in mesoph iles im-
plies a negative error minimization: these codons are a
mutation away from histidine and glutamine, which are
avoided in hyperthermophiles.
To test the importance of codon usage in protein
thermostability, we analyzed all 173 organisms whose
complete genomes are available in the TIGR database
comprehensive microbial resource (CMR): 10 hyper-
thermophiles, 10 thermophiles and 153 mesophiles.
Results and discussion
AGR codon usage and lifestyle
A comparative analysis of codon usage for arginine has
been undertaken with three classes of organisms,
Communicated by J. N. Reeve
M. G. Van der Linden
Laborato
´
rio Nacional de Computac¸ a
˜
o Cientiﬁca,
Petro
´
polis, Rio de Janeiro, Brazil
S. T. de Farias (&)
Departamento de Biologia Geral,
Universidade Federal de Minas Gerais,
Belo Horizonte, MG, Brazil
e-mail: [email protected]
Extremophiles (2006) 10:479–481
DOI 10.1007/s00792-006-0533-0











[image: alt]according to their optimal growth temperature (OGT) :
mesophiles (OGT < 50 °C), thermophiles (50°C<
OGT < 80°C) and hyperthermophiles (80°C < OGT).
Arginine codons were split into two groups: one con-
taining CGN codons, the other containing AGR codons.
Figure 1 shows the codon usage distribution between
these two groups. A high bias can be observed for AGR
codon usage in thermophiles and hyperthermophiles (T/
HT), in contrast to lower AGR codon usage in meso-
philes. The same observation ha s been previously made
by Farias and Bonato (2003), albeit with a much smaller
sample of organisms. These data indicate that some
evolutionary force, such as founding eﬀect or adaptive
selection, probably has had a rol e in codon usage bias for
arginine in T/HT. The founding eﬀect hypothesis seems
unlikely, since there are some mesophiles whose codon
usage for arginine is similar to T/HT. To investigate the
hypothesis of adaptive selection, we examined how
C + G contents would aﬀect codon usage for arginine
among the organisms in our study. We have also studied
the correlation between codon bias and the (E + K)/
(H + Q) ratio, whose correlation with thermostability
has been previously demonstrated (Farias and Bonato
2003; Farias et al. 2004).
AGR codon usage and C + G content
C + G content was one of the ﬁrst aspects to be ana-
lyzed in organisms at the genome level. Some authors
argue that the variations in codon usa ge among diﬀerent
organisms is a direct consequ ence of the proportion of
C + G in their genomes (Porter 1995; Mita et al. 1991).
Might the opposite be true, i.e., could C + G content be
in fact a consequence of adaptive selection towards
certain codons?
If the former hypothesis is true, we should expect an
inverse correlation between C + G content and AGR
codon bias, since theses codons have a lower concen-
Fig. 1 Correlation between ARG codon usage and lifestyle, in 1
and black mesophiles, 2 and blue thermophiles and 3 and red
hyperthermophiles
Fig. 2 Correlation between AGR codon usage and C + G content
in black mesophiles, blue thermophiles and red hyperthermophiles
Fig. 3 Correlation between AGR codon usage and (E + K)/
(H + Q) ratio in black mesophiles, blue thermophiles and red
hyperthermophiles
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[image: alt]tration of C + G than the CGN codons, and the C + G
concentration in organisms with a preference for AGR
codons should not superpose those of organisms with a
preference for CGN. Should the latter hypothesis be
correct, we would expect to see organisms with similar
C + G content but diﬀerent AGR codon usage.
Figure 2 shows the results of this comparison. There
appears to be a selective pressure for codon usage that is
not directly dependent on C + G concentration. Many
organisms with distinct codon biases for argi nine share
about the same C + G concentrations.
Arginine codon usage and (E + K)/(H + Q) ratio
The correlation between AGR codon bias and the
(E + K)/(Q + H) turned out to be strongly positive.
Figure 3 shows that the increase in the ratio is followed
by an increase in the bias for AGR codons. These
observations conﬁr m our suggestion that adaptations
to thermostability include changes in codon usage.
Whenever there is an increase in lysine usage (a relevant
amino acid to thermostability), there is also a bias for
AGR codons for arginine, consequently a positive error
minimization mechanism between arginine and lysine
codons. The decrease in CGN codon usage in organisms
that live in high temperatures can be interpreted as a
negative error minimi zation, since a single mutation
could turn CGN arginine codons into codons for histi-
dine and glutamine (which can be harmful for thermo-
stability). Therefore, a single evolutionary event, namely
the ARG codon bias for arginine, has a double eﬀect in
protecting thermostability of proteins, making amino
acid usage and codon preference walk along the same
way.
Conclusion
Our results suggest that codon bias have a rol e in pro-
tecting protein properties that ensure thermostability.
This bias is not a consequence of C + G variation, as
evidenced by the fact that organisms with similar C + G
proportions may have strongly diﬀerent patterns of co-
don usage for arginine. Temper ature adaptation of
proteins therefore lies not only at the protein structure
level, but also at the translation level, through mecha-
nisms of error minimization.
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Proposição de um modelo evolutivo para expansão dos códons para arginina, segundo 
o modelo Auto-referente 
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Modelo para expansão dos códons de arginina 
 
  Conforme  apresentado  no  modelo  auto-referente,  inicialmente  o  aminoácido 
arginina era especificado apenas por quatro códons (NGC), estando os códons hoje 
compartilhados na caixa (NGA) em sua totalidade,  especificando o aminoácido serina. 
No decorrer do processo evolutivo o aminoácido serina cedeu duas de suas atribuições 
(RGA) para o aminoácido arginina, ficando, na matriz padrão ambos aminoácidos com 
seis atribuições. O mecanismo evolutivo que levou à expansão das atribuições codônicas 
para  o  aminoácido  arginina  ainda  são  desconhecidos.  Nesta  parte  da  presente  tese, 
montaremos um possível cenário que pode ter atuado como fator decisivo na evolução 
deste evento durante os momentos iniciais do processo biológico. 
No inicio do processo de formação do código genético, conforme proposto pelo 
modelo auto-referente, algumas características foram importantes. Dentre estas estava a 
união de tRNAs aos pares, permitindo maior estabilidade destas moléculas. Os pares de 
tRNAs  teriam  uma  composição  monótona  em  suas  trincas,  sendo  compostos  por 
nucleotídeos de mesma classe, seja purinas ou pirimidinas. Os aminoácidos a entrarem 
inicialmente seriam estabilizadores de proteínas, ligantes de RNA, formariam estruturas 
simples nas proteínas e seriam precursores nas vias síntese de outros aminoácidos.  
No  presente modelo  para  expansão  dos  códons de  arginina,  a  termoadaptação 
protéica desempenhou papel preponderante. Indica-se que o ambiente onde o evento de 
formação e evolução do código genético se deu seria quente e os organismos primitivos 
termofilos. Segundo o  modelo  auto-referente,  os aminoácidos serina, glicina  e prolina 
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foram os primeiros aminoácidos a terem estabelecido uma correspondência com tRNAs. 
Estes aminoácidos têm como características serem especificados por tRNA com códons 
homogêneos, além de  serem  estabilizadores de cabeça de proteínas,  ligantes de RNA, 
precursores em vias metabólicas (exceto prolina) e participarem de estruturas simples, 
como  voltas  e  novelos,  em proteínas.  No  segundo  estágio,  entrariam  os  aminoácidos 
ácido  glutâmico,  ácido  aspartico,  leucina,  fenilalanina,  lisina  e  asparagina,  todos 
atribuídos a tRNAs com códons contendo pDiN homogêneos. Dentre estes aminoácidos 
lisina  e  ácido  glutâmico  desempenham  um  papel  crucial  na  termoestabilização  de 
proteínas, como demonstrado na segunda parte da presente tese e em diversos artigos na 
literatura sobre o tema (Cambillau e Claverie, 2000; Singer e Hickey, 2003). Estes 
aminoácidos  ao entrarem possibilitam ao sistema uma maior estabilidade neste ambiente 
termofilo,  o  que  possibilitou  a    entrada  dos  demais  aminoácidos  e  tRNAs.  Neste 
momento, o código genético estaria composto por nove aminoácidos com diversificadas 
propriedades físico-químicas, o que possibilita a formação de estruturas protéicas mais 
complexas, em especial as α helices.  
No primeiro par de tRNAs a entrar no setor mixto, onde os tRNAs têm seu códon 
formado  por  dinucleotídeos  principais  do  tipo  purina  e  pirimidina,  os  primeiros 
aminoácidos a estabelecerem correlação com os respectivos tRNAs  foram  alanina e 
arginina.  Estes  aminoácidos  reforçam  características  físico-químicas  de  alguns 
aminoácidos  já  estabelecidos  no  momento  anterior.  Alguns  autores  demonstraram  a 
importância  da  arginina  e  a  importância  de  aminoácidos  hidrofóbicos  no  complexo 
processo de  termoestabilização (Kim e colaboradores, 2003; Tang e coloaboradores, 
2006). Ao segundo par de tRNAs do setor mixto foram especificados os aminoácidos 
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valina, histidina e glutamina. Dentre estes aminoácidos, histidina e glutamina que estão 
na caixa (NAC), são aminoácidos evitados em organismos termófilos e hipertermófilos, 
como demonstrado na segunda parte da presente tese. Porém, as propriedades que foram 
selecionadas  negativamente nestes aminoácidos  para tais organismos    ainda não  estão 
totalmente compreendidas. Ainda na segunda parte da presente tese foi demonstrado que 
em organismos termófilos e  hipertermófilos existe  uma preferência clara de utilização 
dos  códons para  o  aminoácido  arginina  exatamente  nos  códons propostos  no  modelo 
auto-referente como sendo uma aquisição secundaria e proveniente de uma expansão da 
especificidade deste  aminoácido.  Esta  preferência  foi  interpretada nestes  organismos 
como sendo parte de um processo de minimização de erros positiva para o aminoácido 
lisina, importante no processo de termoestabilização protéica, assim como também parte 
de um  processo  de  minimização  de erros  negativa  para  os aminoácidos  histidina  e 
glutamina,  aminoácidos  estes  evitados  em  proteínas  termoestáveis.  Desta  forma,  o 
aminoácido  arginina,  apesar  de  não  participar  de  forma  ativa  na  termoestabilização 
protéica, participa com a utilização preferencial de seus códons, minimizando possíveis 
erros  mutacionais,  por  aumentar  a  probabilidade  de  substituir  o  aminoácido  lisina, 
também  carregado  positivamente,  em  proteínas  termoestáveis,  assim  como  também 
diminuindo a probabilidade de que erros mutacionais na sua caixa de códons principal 
leve  a  sua  substituição  por  aminoácidos  prejudiciais  e  evitados  em  proteínas 
termoestáveis. 
Desta forma, um possível cenário para formação e evolução do código genético 
seria em um  ambiente termofilo, onde a instabilidade  do RNA nestes ambientes foi 
amenizada  pela  ligação  com  aminoácidos  estabilizadores  pertencentes  ao  sector 
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homogêneo, assim como também a estabilidade destas proteínas iniciais foi possibilitada 
e possivelmente agiu como  a principal pressão  seletiva para  que  estes  aminoácidos 
tenham  entrado  em  um momento  precoce  no  processo.  O  excesso  de  códons  para  o 
aminoácido  serina e  a  entrada  de  aminoácidos  não tão  favoráveis  a  termoestabilidade 
criou uma força seletiva para que uma possível expansão das especificações para o 
aminoácido  arginina,  fossem  fixadas  e  perpetuadas  na  grande  maioria  dos  códigos 
genéticos conhecidos atualmente. Com o esfriamento do ambiente e a expansão dos seres 
vivos  para  diversos  habitats,  a  força  seletiva que  mantinha altas  concentrações  dos 
aminoácidos lisina e glutâmico cessou, assim como a pressão seletiva  para utilização 
preferencial dos códons (RGA) para arginina diminuísse a níveis ínfimos em organismos 
mesófilos. Com  base nos dados apresentados, a expansão das especificações para o 
aminoácido arginina deu-se por uma pressão seletiva imposta por uma necessidade de 
minimização de erros para aminoácidos favoráveis a termoestabilidade.  
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Parte III 
Perspectivas 
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Perspectivas 
 
  Vários modelos foram propostos para origem e evolução do código genético deste 
a sua compreensão  na década de 1960. O modelo auto-referente  mostra-se como o 
primeiro modelo onde eventos consecutivos são propostos, com as características tidas 
como importantes em um ambiente primitivo bem definido, assim como a importância 
destas características em cada etapa da formação do Código Genético. 
  Apesar de ser um modelo teórico, o mesmo se baseia em parte na experimentação 
realizada  por  vários  pesquisadores  durante  as  ultimas  três  décadas,  e  em  elaborações 
teóricas que unem a experimentação com a origem e evolução do Código Genético. Desta 
forma,  experimentações  que  avaliem  a  coerência  e  confiabilidade  das  elaborações 
teóricas se mostram como uma forma de confirmação da confiabilidade do modelo.  
  Um dos principais testes a serem realizados, é a avaliação da formação dos 
dímeros, e a capacidade destes dímeros de realizarem a transferência dos aminoácidos a 
eles ligados formando pequenos peptídeos. Neste sentido, alguns experimentos já foram 
ou estão sendo realizados  com  sucesso. Entre estes  experimentos,  a  transferência  de 
aminoácidos entre  microhélices de tRNAs,  já evidenciada em experimentos realizados  
por Schimmel e colaboradores. Um dos testes a serem realizados seria a avaliação da 
formação  de  dímeros  por  estas  microhélices de  tRNA  e  a  capacidade  destes  dímeros 
transferirem os aminoácidos a eles ligados como observado quando estes dímeros não 
estão formando pares. 
Outro  teste a ser realizado e  a avaliação experimental  do código operacional 
proposto por Schimmel e colaboradores. Este teste é de fundamental importância para 
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verificar  a  importância  das  correlações  estéreoquímicas  no  estabelecimento  das 
especificações entre aminoácidos e pDiN, assim como a importância destas correlações 
nas etapas de formação do Código como proposto no modelo Auto-referente. 
O terceiro teste de fundamental importância é uma reavaliação dos aminoácidos 
fundamentalmente ligantes de RNA. 
Um quarto teste seria uma avaliação experimental da importância do aumento dos 
aminoácidos  Lisina  e  ácido  glutâmico,  assim  como  a  diminuição  dos  aminoácidos 
glutamina e histidina na termoestabilidade protéica, este teste poderá dar uma sustentação 
maior a hipótese de expansão dos códons para o aminoácido arginina, como uma forma 
de proteção positiva para a termoestabiidade. 
As realizações destes testes são de extrema importância para a consolidação do 
modelo  Auto-referente  como  um  modelo  teórico  experimental,  assim  como  para  a 
solidificação deste modelo entre os principais modelos para origem e evolução do código 
genético. 
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Parte IV 
Conclusões 
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Conclusões 
 
 
-  O  modelo  Auto-referente  mostra-se  como  uma  proposta  bem  argumentada.  A 
convergência neste modelo de diversas propriedades tidas como importantes no inicio do 
processo biológico, demonstra a necessidade de estudos aprofundados que ponham em teste 
todos os aspectos que ainda  não  foram  verificados.  Neste  sentido um dos pontos  mais 
importantes para a solidificação do modelo, seria uma reavaliação dos aminoácidos ligantes 
de  RNA, visto que  o modelo propõe esta característica como um fator importante no 
estabelecimento das correlações iniciais do Código Genético no modelo Auto-referente. 
 
- A correlação  de  hidropatia entre resíduos  de  aminoácidos e  anticódons,  demonstra a 
importância  desta  propriedade  no  estabelecimento  das  especificidades  entre  estes 
compostos.  Esta  característica  se  torna  importante  com  o  surgimento  dos  primeiros 
peptídeos  que  irão  se  comportar  como  aminoacill-tRNA  sintetases  primitivas.  Com  o 
aumento  de  aminoácidos  especificados,  as  estruturas  protéicas  aumentam  suas 
complexidades estruturais, aumentando com isso sua especificidade enzimática e ajustando 
melhor a correlação de hidropatia entre os aminoácidos e os tRNAs primitivos. Testes de 
verificação da veracidade do código operacional proposto por Schimmel e colaboradores 
serão de extrema importância para a compreensão da correlação observada nos dias atuais.  
 
- A tabela de hidropatia proposta no artigo “Structure of the genetic code suggested by the 
hydropathy correlation between anticodons and amino acids residues”, mostrou-se superior 
as tabelas de hidropatia existentes na literatura, tanto no entendimento da organização do 
código genético como na predição de regiões hidrofóbicas em proteínas de membranas. 
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- As aminoacil-tRNA sintetase mostraram uma historia evolutiva um pouco diferenciada 
entre os domínios Bactérias e Archaea. Tendo a hidropatia  agido no  percurso evolutivo 
destas  enzimas de  forma  determinante.  A  presente  relação  evolutiva  para  as  aminoacil-
tRNA sintetases de Archaea e Bacteria, demonstra a complexidade deste grupo protéico, 
neste sentido a nova proposta apresentada nos trás alguns ajustes em relação a proposta de 
Nagel e Doolitlle em 1995. Um dos pontos alterados foi o reagrupamento da arginil-tRNA 
sintetase,  que  na  proposta  vigente  esta  agrupada  com  as  enzimas  especificas  para 
aminoácidos  hidrofóbicos, em  nosso  estudo  esta enzima aparece com uma  relação  mais 
estreita com as enzimas correspondentes a aminoácidos  carregados. Um segundo ponto 
alterado, foi uma reestruturação em dois grandes grupos, tanto pra classe I como para a 
Classe II, em contraponto aos três grupos propostos  no trabalho de Nagel e Doolitlle de 
1995. 
 
- A temperatura deve ter desempenhado um papel importante na origem da vida, estando os 
aminoácidos  glutâmico  e  lisina,  pertencentes  ao  setor  homogêneo  do  modelo  Auto-
referente,  agido  de  forma  essencial  na  estabilização  de  proteínas.  Já  existem  fortes 
evidencias  indiretas  da  importância  destes  aminoácidos  na  termoestabilidade  protéica, 
como demonstrado nos artigos apresentados na segunda parte da presente tese, assim como 
uma forte indicação de uma correlação direta entre o uso de códons para o aminoácido 
arginina.  Testes  experimentais  serão  importantes  na  fundamentação  experimental  do 
modelo teórico para expansão dos códons para arginina como proposto no modelo Auto-
referente. 
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- O evento de expansão dos códons para o aminoácido arginina, pode ter tido como 
principal  força  evolutiva  à  minimização  positiva  de  erros  para  o  aminoácido  lisina, 
importante na termoestabilização, e a minimização negativa de erros para os aminoácidos 
histidina e glutamina, evitados em proteínas termoestáveis. 
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