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Molecular Informatics: Quantifying Information Patterns in
the Genetic Code

DÓNALL A. MAC DÓNAILL* and MATTHEW MANKTELOW

Department of Chemistry, Trinity College, Dublin 2, Ireland

(Received September 2003; In final form October 2003)

The Genetic Code appears to be a non-random triplet
code in which both the position of a nucleotide within a
codon, as well as its physicochemical nature, contribute
to the identity of the expressed amino acid. The non-
randomness of the code is manifested in apparent
patterns in the mapping from codon to amino acid;
some of the patterns seem quite clear, while other more
subtle patterns are less obvious or certain. Discussion in
the literature has been largely qualitative in nature. In
this study, we employ evolution similarity data, widely
employed in the field of bioinformatics, to explore the
patterns relating nucleotide features to amino acids.
The results support a hierarchical order based on
position and physicochemical features proposed by
Jimenez-Montaño et al., [“The Hypercube Structure of
the Genetic Code Explains Conservative and Non-
Conservative Amino Acid Substitutions in vivo and
in vitro” Biosystems (1996) 39, pp. 117–125]. The method
also provides a quantitative approach to testing the
importance of other putative patterns.
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INTRODUCTION

The relationship between nucleotide sequence and
protein composition is captured in the Genetic Code.
Amino acid identity is directed by nucleotide triplets
or codons, most of which specify a particular amino-
acid, and a few, which not coding for any amino acid,
serve to signal termination. The Genetic Code is a
non-random code, containing a variety of degen-
eracies and symmetries [1,2]; any model purporting
to explain the structure of the code must also offer an
explanation of the way information is structured.
Perhaps the most immediately obvious and long

recognised informational feature is that the signifi-
cance of a nucleotide, N, is strongly dependent on its
position within the codon, and as inspection will
readily verify, generally follows the order N2 . N1

. N3. In many instances changing the final nucleo-
tide makes no difference to the expressed amino
acid, and where it does, the new amino acid is often
physicochemically similar. Thus, for example,
changing the third nucleotide in codon GAU from
U to A yields a closely related amino acid (Fig. 1a),
whereas, by contrast, changing the second nucleo-
tide from A to U changes the expressed amino acid
from aspartic acid to valine, having quite different
hydrophobicities (Fig. 1b).

The significance of a nucleotide appears to depend
not only on its position but also on its chemical nature
(C), that is, whether the nucleotide is a pyrimidine (Y),
or a purine (R); this may be most easily appreciated
by observing the effect of nucleotide substitution
in the third position, where in so far as changing the
nucleotide makes a difference, it is the size of the
nucleotide which is important, with U and C in most
instances proving equivalent, as do A and G. The
hydrogen bonding strength (H) between a nucleotide
and its complement also appears to have informa-
tional significance; ab initio calculations at the HF/
6-31G* level of approximation yield in vacuo binding
energies for A:U and C:G of 11.54 kCal mol21 and
25.94 kCal mol21 respectively [3], so that nucleotides
A and U may be labelled weak (W), with C and G
being labelled strong (S). Combining the roles of
nucleotide position with physicochemical markers of
size and strength of hydrogen-bonding, Swanson [4]
proposed the following order of significance

C2 . C1 . H2 . H1 . C3 . H3 ð1Þ
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whereas Jimenez-Montaño et al. [5] suggested a
slightly different structure

C2 . H2 . C1 . H1 . C3 . H3 ð2Þ

Both patterns are broadly similar, and have been
used by their proposers to explore the Genetic Code
as a “Gray code,” more properly a one-bit change
code, with Jimenez-Montaño et al. proceeding to
develop a description of the code in terms of a six-
dimensional binary hypercube [5]. However, the
suggested hierarchical order in inequalities such as
(1) and (2), and other structural insights such as the
conjugate model [2], are essentially qualitative in
nature, as a consequence of which the comparison of
competing models, and particularly similar struc-
tures such as those just noted, is problematic.
Accordingly, and with a view to further exploring
the possible informational structures within the
genetic code very much in mind, we outline below
our approach for quantitatively determining the
significance of nucleotide features on amino acid
identity. The approach adopted is quite straight-
forward, and simply involves changing a selected
nucleotide feature, and observing and quantifying
the effect of the change, as judged by some measure
of the difference between the amino acids expressed.
This introduces the concept of amino-acid similarity,
itself quite a broad topic. The next section, therefore,
briefly rehearses the concept of amino-acid simi-
larity, with particular reference to the PAM250
matrix, a measure widely employed in sequence
similarity analysis. The methodology section out-
lines how such measures of similarity might be
harnessed to assess the significance of a nucleotide
feature in determining the identity of the expressed
amino acid. The method outlined might be
employed to assess the correlation between any
nucleotide feature considered relevant. However, for
the purposes of this study we explore the features
considered in inequalities (1) and (2), although other
features such as hydrogen donor–acceptor patterns
might also be considered.

AMINO ACID SIMILARITY

There are a variety of ways in which a measure of the
difference between amino acids might be con-
structed. A physicochemical perspective might
favour a weighted mix based on chemical, func-
tional, structural and other properties of amino
acids, the approach adopted by Karlin and
Ghandour [6]. The difficulty here of course is that
while it is relatively easy to arrive at some measure of
distance between amino acids based on a given
property, the combination of the various property
related measures of similarity, to yield some overall
measure of distance is considerably more difficult.
In the context of the Genetic Code the optimum
weighting might be expected to reflect the contri-
bution of various physicochemical properties in
protein biochemical function, and at present our
knowledge is limited. However, the more similar two
amino acids are, the more frequently one substitutes
for the other during evolution, so that amino acid
evolutionary substitution rates afford an empirical
measure of amino acid similarity. The concept of
percent accepted mutations (PAM), due to Dayhoff
[7], is the basis of one of the most commonly
employed measures of similarity. The PAM250
matrix derives from evolutionary amino acid
substitution data (Fig. 2). It is based on a data base
of 1572 changes in 71 groups of closely related
proteins. Each element, sab in the PAM250 matrix is a
score the substitution probability of a by b over an
evolution period, and ultimately reflects the simi-
larity between a pair of amino acids, a and b; more
positive scores indicate similarity, while less positive
and negative scores reflect dissimilarity or differ-
ence. Alternative matrices such as the updated data
sets of Jones [8] or Gonnet et al. [9], or indeed the
widely used BLOSUM [10] data set, might equally
well have been employed. However, pilot calcu-
lations indicate that the particular choice of matrix
does not significantly affect the results.

METHODOLOGY

The purpose of this study is to explore the extent
to which nucleotide features contribute, as a function
of position, to determine amino acid expression.
We report two experiments; in the first we explore
the significance of nucleotide codonic position
without reference to particular nucleotide features
such as the purine/pyrimidine (C), weak/strong
(H), or other properties. The second experiment
incorporates these features, widely viewed as
having particular informational significance. As the
purine/pyrimidine and weak/strong features, each
having just two states, are binary in nature, it
proves convenient for both descriptive and coding

FIGURE 1 (a) Changing the third nucleotide in codon GAU
changes the expressed amino acid from aspartic acid to the closely
related glutamine; (b) changing the nucleotide in the second
position yields valine.
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purposes to map the nucleotides to a two bit binary
representation reflecting these features (Fig. 3) [11].
As codons have three nucleotides, each with two
features of interest, there are a total of six features for
investigation: C1, C2, C3, H1, H2, and H3.

Nucleotide Position

The approach adopted is as follows:

1. A nucleotide position, 1, 2, or 3, is selected.
The effects of all twelve possible nucleotide
mappings are considered, namely, (i) U ! C, A
and G, (ii) C ! A, G and U, (iii) A ! G, U and C,
and (iv) G ! U, C and A.

2. The mappings are applied to all 64 codons, in
many instances changing the sense of the codon.

3. A modified genetic code table is constructed,
in which the usually expressed amino acid or
termination signal is replaced by the effect of the
selected mapping. For example the mapping
A ! G in position one, maps the codon AAU
(asparagine) to GAU (aspartic acid). The effect of
the corresponding change across the genetic code
is depicted in Fig. 4b. Figure 4a may be
interpreted as a tensor A, with elements aijk,
where codon coordinates, i, j and k span the
values U, C, A and G. The effect of the selected
mapping is captured in the modified tensor B,
with elements bijk (Fig. 4b).

FIGURE 2 THE PAM250 matrix due to Dayhoff [7]. Ultimately derived from substitution rates the data can be interpreted as reflecting
amino acid similarity. More positive numbers indicate strongly similar amino acids, with dissimilar amino acids have less positive or
negative scores. Amino acids are indicated by the conventional one-letter code.

FIGURE 3 Binary interpretations of nucleotides as apparently
manifest in the genetic code. Purines (R) ¼ 0, and pyrimidines
(Y) ¼ 1, similarly, weak (W) ¼ 0 and S (strong) ¼ 1.

FIGURE 4 (a) the genetic code—tensor A., (b) a modified genetic code where the sense of a codon is changed by substituting a specified
nucleotide in a single position, in this case the mapping A ! G is effected in position one; the table corresponds to tensor B in the text
(c) the similarity of amino acids exchanged by effecting the A ! G mapping, as estimated from PAM250—tensor C.
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4. The elements of the PAM250 similarity matrix Sab

give a numerical measure of the similarity of
amino acids a and b. The significance of the
change effected by the selected mapping on
each codon is expressed in tensor C (Fig. 4c)
with elements cijk. Data for substitutions invol-
ving the termination codons were taken from
ref. [12].

cijk ¼ Saijkbijk
ð3Þ

In the example considered above, the mapping
A ! G in nucleotide 1 replaces, among others,
isoleucine with valine; as these are similar amino
acids the corresponding similarity score of 4 is
high. Similarity scores for amino acids exchan-
ging with termination codons, and for changes
mapping one termination codon to another are
taken from Ref. [11].

5. The overall significance S of a mapping may be
estimated from the scores cijk. Summing across
the full set of 64 codons yields a global measure of
the effect of the selected mapping.

S ¼

ði;j;k¼U;C;A;GÞ

i;j;k

X
cijk ¼

ði;j;k¼U;C;A;GÞ

i;j;k

X
Saijkbijk

ð4Þ

It is convenient to scale S such that, where no
change is effected, a score of 1 is obtained.
A normalisation constant N may be defined as the
sum of the self-similarity scores across the code,
that is

N ¼

ði;j;k¼U;C;A;GÞ

i;j;k

X
Saijkaijk

ð5Þ

A modified Score S0 is given by

S0 ¼
1

N
ði;j;k¼U;C;A;GÞ

i;j;k

X
cijk ¼

1

N
ði;j;k¼U;C;A;GÞ

i;j;k

X
Saijkbijk

ð6Þ

6. The procedure is repeated so that all 12 possible
mappings specified in step 1 above are con-
sidered. An average value for S0 is obtained for
each of the three nucleotide positions.

Nucleotide Features

The second experiment is similar in structure to the
first, except that instead of considering all possible
mappings at a given position, we examine instead
the effect of modifying a particular nucleotide
feature.

1. A nucleotide feature, C or H, on a single
nucleotide position, 1, 2, or 3, is selected. Flipping
the ‘chemical’ state of a nucleotide changes
its pyrimidine/purine nature, and may be

expressed as a mapping.

f C : {R ! Y;Y ! R}

¼ f C : {A ! U;C ! G;G ! C;U ! A} ð7Þ

Numerically, this is equivalent to flipping the
first bit in the 2-bit representation. Similarly,
flipping the weak/strong feature while preser-
ving the pyrimidine/purine nature may also be
expressed as a mapping

f H : {W ! S; S ! W}

¼ f H : {A ! G;C ! U;G ! A;U ! C} ð8Þ

equivalent to flipping the second bit in the 2-bit
representation.

2. The state of the selected feature is flipped in all
codons; in most cases this results in a new amino
acid, occasionally the expressed amino acid is left
unchanged, while in a few cases nonsense codons
signalling termination swap with codons expres-
sing amino acids.

3. A modified genetic code table is constructed, in
which the usually expressed amino acid or
termination signal is replaced by the sense of
mappings (7) or (8). The result of flipping
hydrogen bonding or W/S nature of nucleotide 2
throughout the genetic code is depicted in Fig. 5b.

4. The significance of the change effected (Fig. 5c) is
estimated using Eqs. (4) and (6).

5. The process is executed for all six nucleotide
features; that is, the C and features in the three
nucleotide positions.

RESULTS

We begin by testing the significance of the position of
a nucleotide in a codon, as detailed in the ‘nucleotide
position’ experiment described above. All 12
possible substitutions were effected at each codon
position, and the similarity of the initial and
modified codons assessed in terms of the similarity
of the expressed amino acids (and termination
signals). The data was averaged over all substi-
tutions, that is, an average C tensor was obtained.
Both the crude similarity score (unnormalised) from
Eq. (4) and the normalised similarity scores as
defined in Eq. (6) were determined (Table I).

The data indicates that, on average, perturbing
nucleotides in the second position, N2, results in a
lesser overall similarity than perturbing in other
positions. Modifying a nucleotide in the third
position yields the greatest similarity, reflecting the
fact that the third nucleotide position is the least
significant. Averaged across the genetic code the
informational significance of nucleotides follows
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the order N2 . N1 . N3. The result is well known
but here is confirmed quantitatively, and serves as a
simple test for the methodology adopted.

We turn now to the more interesting problem of
the significance of nucleotide features, and not just
of position. The effect of flipping the chemical (C) or
purine/pyrimidine state, and the weak/strong
or hydrogen-bonding state (H), was explored in
each of the three nucleotide positions (Table II).

The normalised similarity score S0 reflects the
average similarity of codons, following a change in
some feature, to the unperturbed codon. A value of
S0 ¼ 1 would indicate perfect identity. The less
positive, and by extension more negative, the value
S0, the less similar and more significant is the
change in the meaning of the codon brought about by
the changed feature. The data confirms that weak/
strong nature of position 3, H3, is the least significant.
As inspection of the genetic code readily reveals,
flipping the state of this feature yields a synonymous
codon in almost all cases. Flipping the purine/
pyrimidine nature of the nucleotide in position 2
yields codons which are less similar than those
resulting from a change in any other feature, and we
may conclude that C2 is therefore the most significant
information feature. The significance of both these

features is well known; however, the data also
indicates a clear hierarchy of significance; C2 . H2

. C1 . H1 . C3 . H3, clarifying the relative
significance of H2, C1, and H1 which is less obvious.
The order of significance is in agreement with the
analysis of Jimenez-Montaño et al. [5], favouring his
structure over that proposed by Swanson [4].

It is noteworthy that for all positions the chemical
nature of a nucleotide proves more significant than
its hydrogen-bonding nature, in line with experi-
mental observation of the lower frequency of
transversions (purine/pyrimidine exchanges) rela-
tive to transitions (exchange between pyrimidines or
between purines). However, this does not apply
to comparison between different positions, and
notwithstanding the greater facility for transitions,
a transition in position 2 will prove more damaging,
and more significantly alter the expressed amino
acid, than will a transversion in position 1.

Finally, we may obtain an alternative estimate of
the relative significance of nucleotide positions by
averaging the similarity data associated with the
chemical and hydrogen-bonding features (Table III).

SUMMARY

The phenomenon of protein translation is one of the
most fundamental informational possessing
phenomena in molecular biology, and the elucidation
of the underlying physicochemical or informatics
factors, which might serve to shape the particular
structure of the code, is an essential component in
developing a more complete understanding of the
emergence of living systems. The analysis confirms

TABLE I Unnormalised (S) and normalized similarity scores (S0)
for nucleotides in codon positions 1, 2 and 3 (N1, N2, N3)

N1 N2 N3

S 235.9 220.1 281.1
S0 0.744 0.694 0.887

Normalisation constant N ¼ 317 ðsee equation 5Þ:

FIGURE 5 (a) the genetic code; (b) an apparently modified genetic code where the sense of a codon is changed by flipping the state of a
specified nucleotide feature in a single position, in this case the state of the W/S nature in position 2; (c) the similarity of amino acids
exchanged by effecting the W/S flip, as estimated from PAM250.

TABLE II Unnormalised (S) and normalized similarity scores (S0)
for nucleotides as a function of both codon position and nature of
the feature changed

C1 H1 C2 H2 C3 H3

S 216 16 260 232 122 276
S0 20.05 0.05 20.19 2.10 0.38 0.87

Normalisation constant N ¼ 317:

TABLE III Overall similarity scores as a function of the feature
changed

C1 and H1 C2 and H2 C3 and H3

S 0 246 199
S 0 0 20.15 0.63

Normalisation constant N ¼ 317:
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the long recognised significance of the purine/
pyrimidine nature of the nucleotide at codon position
2, and almost total insignificance of the weak/strong
hydrogen-bonding nature of the nucleotide in
position 3. The relative significance of features
H2, C1, and H1, which is somewhat less
obvious, is clarified. The hierarchy of significance is
C2 . H2 . C1 . H1 . C3 . H3, in agreement with
Jimenez-Montaño et al. [5]. We note however that
the recent study of Ardell [13] suggests that
a yet more subtle pattern may underlie this
structure. We are currently pursuing this and related
issues, such as the effect of amino acid frequencies,
and differences between standard and primordial
codes.
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