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a  b  s  t  r  a  c  t

A  heuristic  diagram  of the  evolution  of the  standard  genetic  code  is  presented.  It  incorporates,  in a  way
that  resembles  the energy  levels  of  an  atom,  the  physical  notion  of broken  symmetry  and  it  is  consistent
with  original  ideas  by  Crick  on the origin  and  evolution  of  the  code  as well  as  with  the  chronological
order  of  appearance  of  the amino  acids  along  the evolution  as  inferred  from  work  that  mixtures  known
experimental  results  with  theoretical  speculations.  Suggested  by the  diagram  we  propose  a Hamilton
quaternions  based  mathematical  representation  of the  code  as  it stands  now-a-days.  The  central  object
in the  description  is  a codon  function  that assigns  to  each  amino  acid  an integer  quaternion  in such  a
way  that the  observed  code  degeneration  is  preserved.  We emphasize  the  advantages  of  a quaternionic
representation  of amino  acids  taking  as  an  example  the  folding  of  proteins.  With  this  aim  we  propose
an  algorithm  to  go  from  the  quaternions  sequence  to the  protein  three  dimensional  structure  which  can
be  compared  with the  corresponding  experimental  one  stored  at the  Protein  Data  Bank.  In  our  criterion
the  mathematical  representation  of the  genetic  code  in terms  of  quaternions  merits  to  be taken  into
account  because  it describes  not  only  most  of the  known  properties  of the  genetic  code  but  also  opens
new  perspectives  that are  mainly  derived  from  the close  relationship  between  quaternions  and  rotations.

©  2015 Elsevier  Ireland  Ltd.  All  rights  reserved.

1. Introduction

The standard genetic code (Crick et al., 1961), say the corre-
spondence between the sequence of nucleotide bases of mRNA
molecules and the sequence of amino acids in the ribosomal pro-
tein synthesis as occurring at the cells of most of the animals and
plants, is now-a-days fairly well known. The mRNA bases belong to
the set {A, C, G, U} where A stands for adenine, C for cytosine, G for
guanine and U for uracil. Non-overlapping triplets of consecutive
bases (codons) encode just one of the 20 standard amino acids (see
Appendix A) or a stop signal each one. In principle, there is no any
kind of separation between adjacent codons in the sequence. Of the
43 = 64 possible different codons, 61 translate into amino acids and
the remaining three determine a stop signal. We  are then speaking
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about a code of four letters that can form 64 words three letters
each. The words translate into amino acids or the stop signal.

The mechanism that performs this translation involves a very
sophisticated molecular machinery which is no completely known
yet. However, Crick’s adaptor hypothesis (Crick, 1958) and further
refinements (Ibba and Söll, 1999; Ibba et al., 2000) are, in general,
widely accepted as accurate enough as to describe, at molecular
level, the complex translation procedure in most of the cases. The
image currently accepted is that tRNA molecules act as interme-
diaries (adaptors) between the template (mRNA) and the amino
acids that will form the protein. The amino acid to be incorpo-
rated into the protein chain is covalently bonded to the tRNA 3′

extreme (forming an aminoacyl–tRNA complex) at the time that, in
another part of the tRNA chain, a triplet of nucleotide bases (anti-
codon) specifically interacts with the codon of the mRNA template
that codifies the amino acid in question. The bases of the anti-
codon are just the complementary ones of the corresponding codon
bases (read in the direction 5′ → 3′) and the interactions manifest
as hydrogen bonds between complementary bases.

Skipping over for the moment the molecular details of
the translation and restricting ourselves to the correspondence
codons → amino acids in itself, we reproduce in Fig. 1a classical
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Fig. 1. Text book picture of the standard genetic code. The three letters convention for the amino acids is used (see Appendix A) and the third base in the codons is remarked
in  bold. The order of the codons is in the direction 5′ → 3′ . The codon AUG besides to codify the amino acid methionine (met) also determines the starting point within the
mRNA  sequence for the protein synthesis.

presentation of the standard genetic code. The structure of the code
is evident. Each codon codifies just one amino acid or (in the case of
the codons UAA, UAG and UGA) the stop signal. The code is degener-
ate in the sense that, except for the amino acids methionine (met)
and tryptophan (trp) that are codified by a single codon each one,
all the other amino acids are codified by two or more codons.

One interesting related question that has received some atten-
tion is the origin and evolution of the genetic code. The proposals in
this direction are obviously rather speculative (Jukes, 1973; Wong,
1988; Osawa et al., 1992; Hartman, 1995; Jiménez-Sánchez, 1995).
However, Crick’s scenario (Crick, 1968) according to which origi-
nally only a few amino acids were coded by most of the possible
three bases codons and that, in subsequent steps, some of those
codons were substituting the amino acid they coded by a new one
until eventually the code became frozen in its present form, seems
reasonable and very attractive. In particular, the idea of an increas-
ing number of amino acids to be coded, can be correlated with
the studies on the evolution of the amino acids abundance (Miller,
1953; Trifonov, 2000).

A step further in relation with the genetic code includes several
efforts done in order to give mathematical models for describ-
ing the present structure of the code and how it has evolved in
order to reach this state (Gonzalez, 2004; Hornos and Hornos, 1993;
Sciarrino, 2003). The main mathematical tools are tensor algebras
and group theory. In particular, in Hornos and Hornos (1993) the
authors use the physical concept of broken symmetry to find a
mathematical group with a 16-dimensional representation (the
highly degenerate primitive code) which can be written as the
product of simpler groups that describe the pattern of redundan-
cies observed in Fig. 1. The approach gives a very elegant physical
explanation of the code degeneration. However, perhaps because it
concerns the application of a relatively complicated mathematical
tool to a subject dominated by researchers with main formation in
disciplines other than Mathematics and Physics, the work has been
taken just as a valuable exercise in classification (Maddox, 1994;
Stewart, 1994).

In this work we propose a mathematical description of the
genetic code too, but it is based on a tool that, in our judge-
ment, is very friendly and, at the same time, very powerful as to
open new perspectives beyond of simply giving a representation
of the code structure. We  are talking about the Hamilton quater-
nions (Hamilton, 1843, 1866). These mathematical objects are a
sort of generalization of the complex numbers and obey an alge-
bra in many aspects similar to theirs but with the very important
(for our purposes) property that the product is, in general, non-
commutative (see Appendix B). In addition, the quaternions are
ideal for representing rotations with important advantages over
the classical matrix representation. This fact has of course already
been recognized by bioinformaticians in writing routines involving
the tertiary structure of proteins. We  must mention that Petoukhov
has also applied quaternions to describe the genetic code but from
a very different point of view (Petoukhov, 2006).

Our journey starts by presenting in the next section a diagram
for the evolution of the genetic code that incorporates the con-
cept of broken symmetry in a way that resembles the energy levels
of an atom. Actually, our interest is in the present form of the
code, however the evolution diagram gives a picture of the cor-
respondence bases triplets → amino acids that will help us with the
mathematical representation of this correspondence by means of
quaternions. Moreover, despite the high degree of speculation that
exists in any model for the origin and evolution of the genetic code,
we can give to our diagram an interpretation which is consistent
with the above mentioned ideas by Crick on the subject (Crick,
1968). Thus, inspired by this diagram, in Section 3 we proceed to
represent the relationship between the codons and amino acids
by using quaternions. First we  assign an integer quaternion (Lip-
schitz integer) to each one of the four nucleotide bases and then,
suggested by the diagram structure, we  consider a codons func-
tion that gives as result the assignation of a quaternion to each
one of the amino acids. The explicit form of this function involves
simple quaternionic operations (products and sums) that automat-
ically accounts for the degeneration of amino acids encoded by
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