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The building blocks of life are the nucleutides adenine (A), cystosine (C), guanine (G) and
thymine (T}. These can be coded in binary and displayed in a table similar to the chemical
table of elements. A particular form of coding, the Gray code, shows the relationship of

these nucleotides in better ways than a simple binary code.

1 Introduction: the Nucleotides

Celis are the building biocks of life. Simple organisms like bacteria do not have
cells with nuclei (prokaryotic cells). Most other cells have a nucleus distinct from
the rest of the surrounding cytoplasm {eukarytic cells). DNA (the basis of life} is
located in the nucleus (in eukoryates) and carries genetic material (genes) that
determines the structures of proteins which are the building blocks of life. Itis a
an amazing fact that the DNA molecules (which are linear polymers) consist of
only four types (bases of nucleotides): adenine (A), cystosine (C), guanine {G)
"and thymine (T). These are linked together by sugar-phosphates which form the
*backbone’ [1].

The spatial structure of the DNA as is well-known is a double-helix of two
complementary linear strands of nucleotides are held together by weak hydrogen
bonds in which a G in one strand complements with a C in another and an A
complements a T. DNA replication takes place via a process in which the two
strands separate and then act as templates for new complementary strands. At this
level DNA may be considered to be a language with four symbols in the alpha-
bet. Enzymes, which are also proteins, are catalysts for celtular chemical reac-

“ tons.

2 The Amino Acids

They are built up of only 20 different types of amino acids, linked to each other
by peptide bonds. Such polypeptide molecules are not lincar but have unique
three-dimensional structures specific to their functions. The simplest part of the
genetic code, then, is to map the four-letter alphabet code (the bases) of the linear
DNA molecules .into the 20 Ietter alphabet code (amino acids) of the three-
dimensional protein molecule.

. In the barest essentials, a triplet of bases (called a codon) codes for a distinct
#mino acid. In other words, one of the DNA strands read in a particular direction .
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(specificd by its ends) three bases at a time, translates into a unique sequence of
amino acids. A single strand of DNA can have many genes, each coding for a dif-
ferent protein (one gene for one protein). Because of the unique start and termi-
nation of the strands, there are codons which also code for start and termination
of the amino- acid sequence pertaining to a protein. This code was deciphered in
1566.

G A C u G A C 13
00 01 1 10 00 01 11 10
GG.oa00l GLY | GLY | GLY | GLY | Gg oooo| GLY | GLY | GLY | GLY
GA 0001] GLU | GLU| ASP | ASP | GA 0001] GLU | GLU | ASP [ ASP
GU 0010] VAL| VAL | VAL | VAL | GC 0011| ALA | ALA | ALA | ALA

GC 0011 ALA [ ALA'[ AT'A | ALA | GU 0010| VAL | VAL | VAL | VAL
AG0100| ARG2|ARG2 | SER2 [ SER2 | Ay 0110] MET | ILE | ILEt | ILEl
AA 0101 TYS | LYS | ASN | ASN | Ac ot11] 19K | THR | THR | THR
AU 0110) MET| ILE | BE1 [[ILE1 | Aa o101} Lys | LYS | ASN | ASN
AC o111| THR | THR | THR | THR | AG 0100] ARG2 | ARG2| sER2 | SER2
UG 1000| TRP. |sTOPZ| CYS | CYS -| UG 1000{ TRE [sTOP2| CYS | CYS |
UA 1002STOP1|STOP1| TYR | TYR | UA 1001{STOPUSTOPY TYR | TYR
UU 1010{LEU2 | LEUz| PHE | PHE | UC 1011] SER1)SER1| SERI| SERI |
UC 1011} SER1|SER] | SER1 |’ SERI | UU1016{ LEU2{ LEU2| PHE | PHE'
CG 1100/ARGI |ARGI | ARGI |ARGI | CU 1110[LEU1 | LEUI | LEU1 LEUI
CA 1101 GLN | GLN | HIS | HIS | CC 1111 PRO | PRO | PRO | PRO |

CU M10FLEUT | LEUT L LEUL { LEUL | CA1101| GLN { GLN | HIS | HIS
€C 11i1| PRO | PRO [ PRO ; PRO CG 1100 | ARGI| ARG1| ARG1| ARG]

Tablel - ‘Table 2 - -
Plain Binary Coded Codon Table KH-map Coded Codon Table

There are 64 possible codons; (4x4x4). Of _these thiree codons code for STOP,
or termination of the translation into amino acids. The mapping from the 61
codons to 20 amino. acids determines the three-dimensional folding of _the.protein_
molecule. This process is called gene expression.

. .A part of one strand of DNA is first transcribed, mto a molecule ca]led mes—
senger RNA or mRNA (ribonucleic acid). The mRNA is smgle-stranded and pos-
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sesses bases complementary to the ones on the DNA with the exception that the
adenine (A} in the DNA is paired with uracil (I} on the mRNA (instead of thym-
ine, T). mRNA is an intermediary which carries the genetic information from the
nucleus to the cytoplasm where the actual translation into protein occurs. The
mRNA alphabet consists of A, C, G, and U, and it too can fold into dlstmcuve
three-dimensional structures along some of its parts via base pairing.

Only a fraction of the DNA strand called exons actaally code for proteins.
The rest of it (called introns) are non-coding regions which are also called junk
DNA, and which have to be removed. The edited version of the mRNA is the tem-
plate that is translated into protein. This translation is carried out by two other
types of RNA, ribosomes and RNAs (transfer RNAs). The tRNA has a dual role;
it is able to recognize both the amino acid and its corresponding codon. Because
sometimes only the first two bases are read (the third base being irrelevant for
tRNA selection), it is not necessary for there to be 61 types of tRNAs.

3 B-inary Coding of Codons

These processes, DNA repllcauon DNA transcription into mRNA and transla-
tion of mRNA into protems is the basis of molecular blology and gencncs This
article looks at the patterns not seen until now in the coding of the 64 codons into
20 amino acids. The genetic code can be said to be constructed from codons. It
has been shown that the codon code i is essentially a comblnatlon of a fixed- length
and vanable—length code [2], and Lhe same authors have shown that there is a
binary coding scheme for this. This code is a combmatlon of fixed length code
and a variable length code, and is given in Table 1. Thie coding is A=01, G=00,
C=11 and U=10. The above authots’ contribution is to deterrmne the efﬁcaency
of the genetic code from an aigonthmlc complexity v1ewpoant In this artlcle we
look into remarkable patterns this code possesses.

In Table 1 (Appendix) , the binary code uses X as a ‘don’ tcare condmon of
digital design. Therefore the first 8 amino acids use only a 4-bit codé; the last two
bits which represent one of {A,GC,U} can be any of them. The second and third
sets of amino acids in the table, are 5-bit codes. In the second set the third codon
can be only one of {C,U}. In the third set, the third codon can be only A of G
Thererefore in the bmary code, the last bit of the second set is always 1, and the
last bit of the third set is always 0. The last set is a 6-bit code Thivs, using z as
one of the four bases, and b asa bit, the codes are of the type zzbb zzlb, zz()b
and zzz. We can put thiese in a table using this binary code as done in Table 1.

Table 1 shows the various amino acids, at most one per row. In some cases
there are two per row and in two cases, single occurrences are adjacent to dou-

" bles. The table shows the code graphically similar to a chemiical table. However

the relationships of the various amine acids are not clearly shown. An amine acid
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that differs from another by a single nucleutide (such as the codons numbered 9-
22) should somehow be shown next to each other.

(@

Figure 1: The Codon Torus: the KH-table can be wrapped on a torus as shown

However the codon code exhibits other striking regularities. If we map out this
binary code into a KH-map (which is a K-map of size greater than 4 x4) [4]ina
particular shape as shown in Table 2, we see a pattern in which every row is taken
up by either a single codon, two codons or three codons. The coding scheme for
“this KH-map is created by ordering the binary codes in a specific way, called the
Gray code, or the reflected code [2,3]. The binary codes are ordered in such a
way that each cell differs from any of its neighbors by one bit.

A neighbor is defined as a cell either vertically or horizontally adjacent. This
map then is a very specific ordering of the codons. Because of its construction,
the cells along the top are also neighbors of the cells along the bottom, and the
cells along the left edge are neighbors of the ceils along the right edge. Therefore,
this planar map can be mapped onto a torus (as in Figure 1) in such a way that the
cells are physically adjacent to the cells with which they are neighbors {2,3].

The number of nucleotides at each row can be expressed  as
1211212322131121 (see Fig.2.) Other combinations could have also occured but

there might be a reason why this particular pattern has evolved. We can shift the | 4

acids around on the table by reassigning the binary codes to GA,C, and U, how- g

ever it is best to think of the table as being wrapped on the surface of the torus | In
shown in Figure 1. Then the row or column shifts will merely result in the rota- § va
tion of the torus in different ways, one of them being rotating it so that the surface % c
facing the inside circle is on the outside. The distance of the nucleotides to each 3
other can then be read off the torus. . <

~ From the table we can scc that the 4 bit codes are the most robust in the sense
that the last two bits can be anything and still represent the same nucleotide. The
6 bit codes are the most volatile in the sense that any change in any of the bits
will result in turning the nucleotide into another one. ]

Therefore the ‘distance metric’ is row dependent, along the length of the
torus for all of them, and it is row and colurn dependent for the others.
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G A C y
20 ot 11 j0
GG 0000( GLY )
GA o001 GLU Y ( AsP )
GC 0011 ( ALA D

GU goto(__ VAL D)
AU o110 (MET) (LE)(ILET )
Ac o111 ( THR )

AR 0101 LS X ASN )
AG o100( ARGz Y SERZ )
UA 1001 (_sToP1 )(_ TYR )
uc 1011 (" sem1 )
v 1010 LEU2 X PHE )
cU 10 LEW D)
cc 111 PRO )
ca o1 e X s )
ce 1100 ARGI - )

Figure 2: Another View of the Codons

4 Conclusion

In addition to the codon code being a combination of a fixed length code and a
variable length code [4,5), the code also displays regularities in the form of Gray-
coding and thus can be displayed as a KH-map/table [2], and wrapped on a torus
[3]. Thus the torus is the natural space for this code, and a metric can be con-

structed on this space.
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Table 1: The Genetic Code

APPENDIX I

Codo

# n Name Abbrev Binary
Code
Set

T {AC* [Threonine THR UTTTxx
2 |CC*¥ |Proline PRO 1111xx
3 1GC* | Alanine ALA 0011xx
4 [GG* |Glycine GLY 0000xx
5 [GU* | Valine VAL 0011xx
6 |CG* |Arginine ARG! [ 1100xx
17 [CU* [Leucine LEUI 101 1xx
8 |UC* |Serine SER1 1011xx
9 | AA# |Asparagine ASN 01011x
10 [CA# |BHistidine HIS 11011x
I1 [GA# ]Aspartic Acid |ASP 00011x
12 [UG# |Cysteine CYS 10001x
13 |UU# |Phenylalanine |PHE 10101x
14 | AG# {Serine SER2 |01001x
15 JAU# {Isoleucine ILE1 01101x
16 |UA# |Tyrosine TYR 10011x
17 |AA? |Lysine LYS 01010x
18 |CA? |Glutamine GLN 11910x
19 GA? |Glutamic Acid |GLU 00010x
20 | AGY | Arginine ARG2 01000x
21 [UU7 [Leucine LEU2 {10100x
22 |UA? |Stop STOP1 |[10010x
23 | AUG |Methionine MET 011000
24 |UGG {Tryptophan TRP 100000
25 JAUA |Isoleucine 1LE2 011061
Stop STOPZ | 100001

Legend

A=01,G=00, C=11,
U=10

*=AGCor U

#=C, or U (Pyrimidine)
x=0orl '
2=A or G (Purine)




