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Biological Codes

Biological codes are the great invariants of life, the sole entities that have been
conserved in evolution while everything else has changed, Barbieri, 2014.

What has been conserved in biological codes?

Adaptors, in short, are the key molecules in all organic codes. They are the molecular
fingerprints of the codes. ... It is one of those facts that have extraordinary theoretical
implications

If adaptors are the key molecules, the origin of the codes should be described by the
properties of the adaptors?

In biology, conserved quantities are related to relevant biological functions; in physics
conserved quantities are a consequence of symmetry. In a physical paradigm,
symmetry is our first ingredient in the search for conserved quantities in biological
codes.

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Degeneracy

 Focusing on the genetic code: is it possible to construct a model of the
genetic code based on adaptors and through this model is it possible to
study conserved quantities?

« What is degeneracy?

Degeneracy is a concept that comes from quantum mechanics. It refers to the
fact that the same total energy can characterize more that one different
guantum-state. By analogy we say that an amino acid is degenerate
because it is associated to more than one different codon.

« Degeneracy is the main mathematical property of the genetic code

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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The Genetic Code as a Mapping

—FCT_|_ TAT

GTT GCT GAT
G _GTC GCC GAC
GTA GCA GAA
GTG GCG GAG

64 codons: 4x4x4 = 64 (Words of three letters from an alphabet of four, i.e., A, T, C, G)

20 amino acids + Stop codon (Methyonine represents also the synthesis start signal)

> Redundancy and Degeneracy follow

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Degeneracy Distribution of the Nuclear Euplotes Genetic Code

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Second letter Degeneracy distribution
U c A G inside quartets
Uuu | UCU ) UAU } UGU } u
uuc /P Uce oo LED W uee B8 E
UUA | UCA UAA Stop UGA A
vua [ uea UAG Stop UGG Trp G
| = CAU]His sl L Degeneracy & of amino aciuds
cuc | - CCC |, CAC elc e g ¢ - :
= Bl cUA (™Y cca [0 caA } an CGA | E 4 &
5 CUG | CCG | cAG ] caG G 5 3 2
w : [} 2. | 2
2 AUU ACU AAU AGU u = Z 2
“ B AUC tie  AcC | AAC]AS"' AGC }39’ & - v,
AUA ACA [N e AGA } A
AUG Met ACG | AAG }'—‘fs AGG | A9 g
GUU GCU | GAU} GGU u
GUC |, GCC |, ~ GAC AP Gge Ll
GUA ['® GCA [T Gaa }G| GGA [ 8
GUG i B " Goe G
Euplotes nuclear genetic code




Mathematical Modelling of the Genetic Code

*In the last years we have developed a mathematical model of the genetic code that
explains the degeneracy distribution of both variants of the genetic code, nuclear and
mitochondrial.

*The model is based on number representation systems. Numbers are usually represented
in an univocal way: any number has only one representation and any representation
corresponds to only one number.

*This is the case, for example, of the common decimal representation system. This
univocity is due to the characteristics of the positional values and digits used in the so
called power numeration systems (because the positional values of the representation
correspond to the powers of a given base, i.e., 10 in the decimal system).

*As the genetic code is degenerate and redundant we are interested in non-univocal
representation systems

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Mathematical model: integer number representation systems

Usual positional notation — power representation systems — base k

[ () (e N ) @ oigits: d; 0, (k-1))
k> k4 k3 k2 Kkt kO

R (integer) = dck® + d k# + dgk3 + dk? + d k! + d kO

Univocity condition: (k— I)an — k™ -1
n=0

Example 1: k=10; decimal system Digits: d; (0, 9)

10> 104 10% 10%? 10t 10°
R=1.10'+9.10°=19

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Redundant representation systems

Example 2: Binary power system

. . . . . . Digits: d. (0, 1)
25 23 21 20

24 22
R=02+1244+0.23+0.22+1.21+1.20=19

Redundant Power Representations Using Out-of-Range Digits

Example 3: Binary signed digits with three possible values: -1, 0, 1

[ [ (o] o (& [
2> 24 23 22 2t 20
R=12+024-123+0.22+1.2t-1.20=19 Redundant

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Non-power redundant representation systems

positional bases grow slowly than the powers of k

Example 4: k=2; Fibonacci system

8 5 3 2 1 1
R=18+15+13+12+0.1+1.1=19

Non-power representation systems are redundant, for example, the number
19 can be represented in the Fibonacci system in another alternative way:

[ [ [ 5 5 o corpe
serpent

numbers

8 5 3 2 1 1

R=18+15+13+12+1.1+0.1=19

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Fibonacci’s non-power representation system

Degenerac Number
Binary Strings 9 Y

Bases |8(5(3|2|1|1|8|5(|3/2/1]1|8|5|3|2/1[1[8|5|3[2[1/1[8[5|3[2]|1]1 Signed Binary
Number

' 1 5

2 3

3 4

4 2

5 2

Fibonacci System

1 2
2 4
3 8
4 5
5 2
Genetic Code
1 2
Is there a redundant representation describing - -
the degeneracy distribution of the genetic code? j Z
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Non-power representation system 1,1,2,4,7,8

Degeneracy distribution
Non-power representation system

1,1,24,78

Degeneracy

# of integer

numbers

12

Unique solution 1,1,2,4,7,8

Degeneracy distribution
Euplotes nuclear genetic code

Degeneracy

# of amino acids

12

Length 6 binary strings

8|7/4|2(1]|1

0/|0/1|1|1|1

0/1/0/0|1|1

1|10/0|0(1(|1

0/1/0|1|1|1

1/10/]0]1(1(1

0({1/1|/0(1]1
110/1|0/1(1
0/1/1|1{1]|1

8/ 7|4|12|1|1

0(1]0/0(0|0
1/ 0| 0|0|0| O
0(1]0|1(0|0

1/0/0|1(0|0

0(1/1)10(0|0
1/0(1|0|0( 0
0(1/1|1/0/0
1/0{1/1|0(0
1/1/0/0|0( 0
1/0{1]1|1|1

8 74|2(1|1

0/0/0(0(1|/0

0/0/0(1(0|0

00/0(/1(1|/0

000/1({1/1

00/1/0(1/0

00/1/0(1|1

00/1/1(1]0

0/1/0(0(1|/0

1/0/0|/0/1|0

0/1/0/1/1|0

1/0/0|/1/1|0

0/1/1(0(1|/0
1/0/1|10/1/0
01/1/1({1]0

1/0/1|1/1|0

1/1/0|0(1|0
1/1/0|/1(0/ 0
1/1|0|1(1|0

1/1/0|/1({1]|1

1/1/1|10/1|0
1/1(1(0({1|1
1/1/1|1{1|0

0(0/1(1]|0|1

0(1/10(0]|0|1

1/0|/0(0|/ 0|1
0(1(0/1]|0|1

1/0(0]1| 0|1

0(1/1(0]|0|1
1/0(1/0/ 0|1
0(1/1(1]0|1
1/0(1]1| 0|1
1/1(0]0| 0|1
1/1(0|0[ 1|1

1/1(0]1| 0|1
1/1(1]0]1|1
1/1(1]0/ 0|1

1/1|1(1(0(0
1/1(1]1| 0|1
1/1(1]1]1|1

8 7|4/2]1|1

0(0/0/0]/0]|0
0(0/0(0]|0|1

0(0/0(0|1|1

0(0/0(1|0|1

0(0/1/0]/0]0
0(0/1(0]0|1

0(0/1(1]/0]|0

Represented
number

10
11
12
13

14
15
16
17
18
19
20
21

22
23

11
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From a structural isomorphism to a true model

GENETIC CODE

Second letter
u {5 A a
|, lucu uAU | UGy u
bl uuc 1™ luce | o, g T uac}c"‘ c
UUA |, UCA UAA Slop UGA Stop A
uue /" lues UAG Step UGG Tp G
cuu | ceu GAU L CGU u
lo Cuc |, oo cAG | cac c
5 % cua U cca' oAA | GGAI“'“ A 3
W cue) |leca)l G IS0 icea G 2
B AU ACU | AAU AGU | u k
©a AU e Acc!m AAg 180 (s | 8o e
S aun ACA [ AAA | AGA | A
AUG Met ACG | AAG (LB aga (AW g
GUU]  GOU| G| G | u
8 auc|.  accl|, aac) aace | c
€ qua M goa Mt Gan| . Goa [G"' A
sl ||ses) GAG | 666 | G

NON-POWER
REPRESENTATION

TECEE el TR AT

T Wi
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The Model of the Euplotes Nuclear Genetic Code

U C A G

000001 | Phe | 15| 101101 | Ser 110110 | Tyr | 16 | 110010 | Cys
000010 | Phe | 15| 101110 | Ser 110101 | Tyr | 16 | 110001 | Cys
001000 | Leu | 15| 011111 | Ser 000100 | Ter | 16 | 101111 | Cys
011000 | Leu | 15| 110000 | Ser 000011 | Ter |23 | 111111 | Trp

[Ep—
NN o ge

-
:-hr—la—t
QP Oc

11 | 100101 | Leu | 14 | 011110 | Pro
C 11 | 100110 | Leu | 14 | 011101 | Pro

4 | 000111 | Leu | 14 | 101100 | Pro
11| 010111 | Leu | 14 | 101011 | Pro

000101 | His |12 | 011010 | Arg
000110 | His |12 | 011001 | Arg
110100 | GIn | 19 | 111000 | Arg
110011 | GIn | 12 | 101000 | Arg

Qo ww
QPO

010010 | Thr | 5 | 001001 | Asn | 22 | 111110 | Ser
010001 | Thr | 5 | 001010 | Asn |22 | 111101 | Ser
100000 | Thr | 21 | 111011 | Lys | 19 | 110111 | Arg
001111 | Thr | 21| 111100 | Lys | 12 | 100111 | Arg

001101 | Tle
001110 | Tle
010000 | Tle
000000 | Met

>
S 99
% % o
QP ac

13 | 101001 | Val
G 13 | 101010 | Val

13 | 011100 | Val
13| 011011 | Val

100001 | Ala |20 | 111010 | Asp | 10 | 010110 | Gly
100010 | Ala |20 | 111001 | Asp | 10 | 010101 | Gly
010011 | Ala | 6 | 001011 | Glu | 10 | 100011 | Gly
010100 | Ala | 6 | 001100 | Glu | 10 | 100100 | Gly

oo \© @
QP aOc

“Can the genetic code be mathematically described?”, Diego L. Gonzalez, Medical Science Monitor, v.10, n.4, HY11-17 (2004).
“The Mathematical Structure of the Genetic Code” D.L. Gonzalez, The Codes of Life, M.. Barbieri Editor, Springer Verlag (2008)

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Symmetry of U €=» C exchange

A
NNU and NNC ore U ucu - UAU ucu | U
codify the same U Lo [l UAC | Gs | uec | C
amino acid P i e UGA | A
WG UucG uwc | p (UGG | G
16 pairs of codons Z‘:: zcc“c o :‘; ;‘: g
NNU - NNC
C|™ an| ™ [ca oa| @l A
Gin

oG CCG CAG cec| G
AW ACU - AAU - AGU | U
lle | AUC ACC f AAC Acc | C

A Thr
AUA ACA AAA AGA | A
Net | AUG ACG e AAG 9 AGG | G
G GCU - GAU cau | U
vl Guc o GCC P GAC ceec| C
G an| o _[om Y el A
GuG GCG GAG cee| G

Common to all known versions of the genetic code

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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Symmetry of U €=» C exchange

A
NNU and NNC o uu ucu - UAU ucu | U
codify the same U | R UAC | Oys | UaC | C
amino acid | LEER UcA Siop UAA ucaA | A
WG UcG UG | Tip (UG | G
16 pairs of codons x g e x g g
NNU - NNC
C|™ [ an| ™ [cca ca| 9o A
Gin

cuG cCG CAG caG | G
A ACU |IEE AAU | AGU u
le | Auc acc| o [aac | C

A Thr
AR ACA AAA AGA | A
Met | AUG ACG o AAG = AGG | G
Gw el e GAU ceu| U
T GUC A Gce P ["eac cec| C
G GUA : GCA Gu GAA Gly GGA | A
GUG GCG GAG GG | G

Common to all known versions of the genetic code

Genetic Code Conservation - First International Conference in Code Biology, Paris,
20-24 May 2014



Non-power representation system 1,1,2,4,7,8

Degeneracy distribution
Non-power representation system

1,1,24,78

Degeneracy

# of integer

numbers

12

Unique solution 1,1,2,4,7,8

Degeneracy distribution
Euplotes nuclear genetic code

Degeneracy

# of amino acids

12

Length 6 binary strings

8|7/4|2(1]|1

0/|0/1|1|1|1

0/1/0/0|1|1

1|10/0|0(1(|1

0/1/0|1|1|1

1/10/]0]1(1(1

0({1/1|/0(1]1
110/1|0/1(1
0/1/1|1{1]|1

8/ 7|4|12|1|1

0(1]0/0(0|0
1/ 0| 0|0|0| O
0(1]0|1(0|0

1/0/0|1(0|0

0(1/1)10(0|0
1/0(1|0|0( 0
0(1/1|1/0/0
1/0{1/1|0(0
1/1/0/0|0( 0
1/0{1]1|1|1

8 74|2(1|1

0/0/0(0(1|/0

0/0/0(1(0|0

00/0(/1(1|/0

000/1({1/1

00/1/0(1/0

00/1/0(1|1

00/1/1(1]0

0/1/0(0(1|/0

1/0/0|/0/1|0

0/1/0/1/1|0

1/0/0|/1/1|0

0/1/1(0(1|/0
1/0/1|10/1/0
01/1/1({1]0

1/0/1|1/1|0

1/1/0|0(1|0
1/1/0|/1(0/ 0
1/1|0|1(1|0

1/1/0|/1({1]|1

1/1/1|10/1|0
1/1(1(0({1|1
1/1/1|1{1|0

0(0/1(1]|0|1

0(1/10(0]|0|1

1/0|/0(0|/ 0|1
0(1(0/1]|0|1

1/0(0]1| 0|1

0(1/1(0]|0|1
1/0(1/0/ 0|1
0(1/1(1]0|1
1/0(1]1| 0|1
1/1(0]0| 0|1
1/1(0|0[ 1|1

1/1(0]1| 0|1
1/1(1]0]1|1
1/1(1]0/ 0|1

1/1|1(1(0(0
1/1(1]1| 0|1
1/1(1]1]1|1

8 7|4/2]1|1

0(0/0/0]/0]|0
0(0/0(0]|0|1

0(0/0(0|1|1

0(0/0(1|0|1

0(0/1/0]/0]0
0(0/1(0]0|1

0(0/1(1]/0]|0

Represented
number

10
11
12
13

14
15
16
17
18
19
20
21

22
23

16
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Symmetry of xxxx01 €=>» xxxx10 exchange
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Symmetry of xxxx01 €=>» xxxx10 exchange
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Parity Coding

The parity of the strings can be described in terms of biochemical properties

U

C

A

G

000001
000010
001000
011000

Phe
Phe
Leu
Leu

15
15
15
15

101101
101110
011111
110000

Ser
Ser
Ser
Ser

110110
110101
000100
000011

Tyr
Tyr
Ter
Ter

16
16
16
23

110010
110001
101111
111111

Cys
Cys
Cys
Trp

11
11

100101
100110
000111
010111

Leu
Leu
Leu
Leu

011110
011101
101100
101011

Pro
Pro
Pro
Pro

000101
000110
110100
110011

His
His
Gln
Gln

12
12
19
12

011010
011001
111000
101000

iﬁﬁ >0 c

Qr o

S ~1 1=

001101
001110
010000
000000

Tle

Ile

Ile
Met

010010
010001
100000
001111

Thr
Thr
Thr
Thr

001001
001010
111011
111100

Asn
Asn
Lys
Lys

22
22
19
12

111110
111101
110111
100111

Qrnd

13

13
G 13
13

101001
101010
011100
011011

Val
Val
Val
Val

9

100001
100010
010011
010100

Ala
Ala
Ala
Ala

111010
111001
001011
001100

Asp
Asp
Glu
Glu

10
10
10
10

010110
010101
100011
100100

QO

b,

cven

b |

b3

odd

odd

even

Parity of a string = parity of the # of 1's, i.e., 0,1,1,0,1,0 = odd string

The complete set of parity rules:
Codons ending in A are odd (grey boxes); codons ending in G are even (white boxes)

Codons ending in T or C are odd if the second letter is T or G (Keto)
Codons ending in T or C are even if the second letter is A or C (Amino)

Dichotomic classes: Parity, Rumer, Hidden
Actual sequences can be binary coded and real sequences explored by statistical methods:

short-range correlations, circular codes, etc.

Genetic Code Conservation - First International Conference in Code Biology, Paris,
20-24 May 2014
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Vertebrate mitochondrial genetic code

U C A G
UUU Phe UCU Ser UAU Tyr UGU Cys U
UUC Phe UCC Ser UAC Tyr UGC Cys C
UUA Leu UCA Ser UAA Stop UGA Trp A
UUG Leu UCG Ser UAG Stop UGG Trp G
CUU Leu CCU Pro CAU His CGU Arg U
CUC Leu CCC Pro CAC His CGC Arg C
CUA Leu CCA Pro CAA Gin CGA Arg A
CUG Leu CCG Pro CAG Gin CGG Arg G
AUU lle ACU Thr AAU Asn AGU Ser U
AUC lle ACC Thr AAC Asn AGC Ser C
AUA Met ACA Thr AAA Lys AGA Stop A
AUG Met ACG Thr AAG Lys AGG Stop G
GUU Val GCU Ala GAU Asp GGU Gly U
GUC Vval GCC Ala GAC Asp GGC Gly C
GUA Val GCA Ala GAA Glu GGA Gly A
GUG Val GCG Ala GAG Glu GGG Gly G

Genetic Code Conservation - First International Conference in Code Biology, Paris,
20-24 May 2014

Distribution of Degeneracy
Vertebrate Mitochondrial

Degeneracy Number of
number of amino acids

synonymous | sharing this

codons degeneracy
2 16
4 8

Is it possible to describe the
degeneracy distribution of the
vertebrate mitochondrial genetic
code by means of a non-power
number representation?

In yellow are evidenced the differences with the
standard nuclear genetic code

20



The 8,8,4,2,1,0 non-power solution for mitochondrial degeneracy
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Symmetry of A €=» G exchange (Mitochondrial Code)

A

NNA and NNG o | O ucu uAU uau | U
codify the same uc| | uc ¥ | ¥ o c
amino acid U WUA UCA UAA uca | A

Leu Stop Trp
wG ucG UAG e | G
16 pairs of codons cw e cou| U
NNA - NNG cuc occ CAC cec| C
Cl™ranl ™ [cca Al MYl A

al

UG cCce " cac G| G
AU ACU AAU AU | U

e Asn Ser
AUC ACC AAC AC| C

A Thr

Tt AUA ACA ' AAA Sop AGA| A
AUG AG| | AG AG| G
GW GoU GAU Gau| U
cuc GCC fep GAC cec| C

G Val Ala Gy
GUA GCA o GAA GGA| A

U

GUG GCG GAG GG | G

Common to many mitochondrial versions of the genetic code
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Symmetry of A €=» G exchange (Mitochondrial Code)

A

NNA and NNG e | ucu uAU ucu | U
codify the same U we | uec Y iwe| ¥ lux| ¢
amino acid WA ucA UAA ua | A

Leu Stop Tp
UuG ucG UAG e | G
16 pairs of codons cw oo | | cAu ceu| U
NNA - NNG cuc ccc CAC ccc| C
C - CUA Fro CCA a CAA Arg CGA | A
CUG CCG . CAG cee | G
AU ACU AAU AU | U

e Asn Ser
AUC ACC AAC Acc| C

A Thr

AUA ACA AAA AGA | A

Met Lys Stop
AUG ACG AAG AGG | G
GJ Gou GAU | U
T GUC " GCC fop GAC cec| C
G GUA . GCA - GAA Gy GGA | A
GUG GCG . GAG GGG G

Common to many mitochondrial versions of the genetic code
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Origin of degeneracy in amino acid coding

Genetic Code Conservation - First International Conference in Code Biology, Paris,
20-24 May 2014

S. Nikolajewa. M. Friedel, A.
Beyer, and T. Wilhelm, The
new classification scheme of
the genetic code, its early
evolution, and tRNA usage,
Journal of Bioinformatics and
Computational Biology, 12, 54
(2005) 1-12
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Half the Degeneracy of the Mitochondrial Genetic Code

Represented
number
A Half the degeneracy of the genetic code
0 ojojojojo Obtained by excluding the O non-power
1 oJofoJo]1 _
2 oo To 1 To base of the representation
3 oj0j0j1]j1
4 ojoj|1101]0
5 0j0j1j|0]j1 (8’8’412;1)
6 010]1|1]0
7 ojoj1(1]|1
8 1]0|0]|0]0 0(1|0]0]0
9 1j]0|0]0]1 0(1|0])0]1
10 1|j]0|0]1]0 0(1|0]1]0
11 1j]0(0(1]1 0(1|]0]1]1
12 1j]0(1]0]0 0(1|1]0]0
13 1]0|1]0]1 0j1|11]0]1
14 1j]0|1(11]0 0(1|11]1]0
15 1j0|1]1]1 01|11 ]1
16 1{1]ofo]o
17 1{1]o]o]1
18 1{1]of1]0
19 1{1]o]1]1
20 1{1]1]o0]o0
21 1{1]1]0]1
22 1{1]1]1]0
23 1|1]1]1]1

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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The Complete Tesserae Representation

U

C

Cl|A[A

AlA|C|C
Ulu|(G|G

C

G|G|U

AlU|G|C

C|G|UJA|R
G|C|[A]|U

U[A|C|G|Y/
AlG|U

U|IC[A]|G

G|A|[C|U
A|CJA|C
U[G|U|G
Cl|A|[C|A
G|IU|[G|U

v
/
R

R

U

C

AlA|G|G
ulju|jCc|cC

c|C|U

G|G|[A]A

AlU|C|G

U[A|G|C
C|G|A|U
G|IC|[UJA
A[G|A|G
UlC|U

G|IA|[G|A

AC|U]|G
U[G|A]|C

Cl|lA|G|U
GIU[C]|]A

'&r

U

A[A]|U

U[UJA|A

c|C|G|G
G|G|C]|C

A[UJA|U

U[A|JU]A
c|G|C|G
G|C|[G]|C
AlG|C|U
U[C|G]| A

G|A|[U]|C

AlC|G|U

U[G|C]| A

ClIA|(U|G
GIU[A]|C

U

U

UlA

U

U

AlA|U

C|C|U

G|G|U

AlAJAA

U

c|c|C]|C

G|G|G|G
.i.%
U

C|G|G|C

G|C|C|G

A|IG|G|A

U

G|AJA|G
A|C|C|A

U

Cl|lA[A]|C
GIU|JU|G

Group properties of the four symmetric transformations, i.e., I, C, YR and KM

Klein 4-group V
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Origin of degeneracy in amino acid coding

CaGa A
222
e

Genetic Code Conservation - First International Conference in Code Biology, Paris,
20-24 May 2014

27



Origin of the mitochondrial genetic code

ANTITESSERA
‘ i & 3 AlAJA[A AJA|U|U AJlA|G|G v AJlA|C|C
'‘ATACA"- UJU[UJU]|, [U]U[ATA]  [U]UJC[C) [UJU[G]G]
H————— c|jc|c|c cC|C|G|G c|Cc|uj|u R C|ClAA
G|G|G|G G|G|C|C G|G|A|A G|G|U|U
A|U|UJA A|({UJA|U AU |C|G AlU|G|C
U|JAJA|U C U[A|JU[A I UlA|G|C R U|A|C|[G]|Y/
cC|G|G|C |1c|1Gg|C|G C|G|A|U C|G|[UJA[R
G|C|C|G G|C|[G|C G|C|U|[A G|C|A|U
A|IG|G|A|_|A|G|C]|U AJIG|A|G A|lG|U|C
ujc|c|Uu ‘; U|C|G|A R ujc|ju|c I U|IC|A|G C
c({U|U|C R CIUIA|G cl|u|cCc|U C{U|G|A
G|A|A|G G[A|U|C G|A|G| A G|A|C|U
i ; A|C|C|A A|lC|IG|U|_[A]JC|U|G A|CJA|C
£ U|G|G|U R U|G|C|A } U|G|A|C C UlG|U|G I
— - ClA|JA|C ClA|U|G R ClA|G|U ClA|C|A
COMPLEMENTARY Glulul|c Glu[A]|cC G|U|C|A G|U|G|U
Distribution of Degeneracy Distribution of Degeneracy Distribution of Degeneracy
Vertebrate Mitochondrial Non-power system Tesserae
8,8,4,2,1,0
Degeneracy Number of Degeneracy Number of
number of amino acids Degeneracy # of integers > Number of amino acids
synonymous | sharing this Synonymous | sharing this
codons degeneracy tesserae degeneracy
2 16 2 16 2 16
4 8 4 8 4 8
Genetic Code Conservation - First International Conference in Code Biology, Paris, o
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Tesserae Properties

U

C

AlA|C|C
Ulu|(G|G

G|G|U

AlU|G|C

U[A|C|G|Y/

G|C|[A]|U

AlG|U

U|IC[A]|G

G|A|[C|U
A|CJA|C
U[G|U|G
Cl|A|[C|A
G|IU|[G|U

v
%C‘ Cl|A[A

C

C

Cc| U0

AlA|G|G
C

1]

C

G|G|[A]A

AlU|C|G

U[A|G|C

G|IC|[UJA
A[G|A|G
UlC|U

G|IA|[G|A

AC|U]|G
U[G|A]|C

Cl|lA|G|U
GIU[C]|]A

4

'&r

U
X

U

Al A
S
Uulu

c|C|G|G
G|G|C]|C

A[UJA|U

U[A|JU]A

G|C|[G]|C
AlG|C|U

U[C|G]| A

G|A|[U]|C

AlC|G|U

U[G|C]| A

ClIA|(U|G
GIU[A]|C

U

U

UlA

U

AlA|U

C|C|U

G|G|U

AlAJAA
U

U

c|c|C]|C

G|G|G|G
.i.%
U

G|C|C|G

A|IG|G|A

U

G|AJA|G
A|C|C|A

U

Cl|lA[A]|C
GIU|JU|G

AAAA->AATA
Point mutation immunity, +1 Frame-shift immunity, Rumer’s transformation
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Conserved Features of the Mitochondrial Genetic Code
Tesserae (di-dinucleotides)

Genetic Code

U [+] A G
UUU Phe UCU Ser VAU Tyr UGU Cys u
UUC Phe UCT Ser UAC Tyr et cys | C
u UUA Leu UCA Ser UAA Stop UGA Trp A
UUG Lew UGG Ser | UAG Stop UGS Trp G
CUY Leu CCU Pro CAU His colag | U
CUC Lo [ CAC His (=T c
Cl cinim CCA Pro CAA Gl TGk Arg A
CUG Lew CCO Pro CAG O oo Ag | G
AU B ACU Tar AALl Aam AGL Ser u
AUC Be ACC The AAC Asn AGC Se [
A [aun ue ACA The ARA Lys AGh Swop | A
AUG Mat ACG The MG Ls | MG Sp | G
GUU Vel GEU Al GAU Asp GGU Gy u
GUC Val GCC Ala GAC Asp GGE Gy c
G v GCA Ala GAA Gl GOA Gly A
GG Vel GCG Al GAG Gl GGG Gy G

Symmetries

Non-power Representation

| Represented
| mumber

Length 6 binary strings

8/8 412 1[0 88 4/21 06 88/421/0 8&421/0

alenje 1

ololal1 a0

Degeneracy
Distribution

AJAJATA AJAJUJU AlaJc]G]|. . laJac]c
UlUJuJul [UJUJAJA]  [UJUJC]C VIUIGIG]
HEEE cClC|G|G clc|lulu clclala
G|G|G|G GlGg|C|C GlGlala G|G|UuluU
AlUJUJA AlufaluUu AlU[C]|G AlUIG]|C
UIAJAIU] JUJAJUJA UlA|G]|C UJA[C|G]|Y
clG|G|C clGg|C|G clGlAalU C|G|UJA|R
Glclc|aG Glc|G|C Glclula GlclalUu
aAlGg|clal la]G|c]u AlGlalG AlG|lU|C
vlclclulY[U[clala ulc|u]|cC vlclalc] .
cCluju|c R CI|UJAIG c|ujCc|U ClU|G|A
GlAalAlG Glalulc GlAJGlA GlA|C|U
Alc]|cla aAlc]alu]  [ATelU]G A|lC|A|C
UIGIGIU] JUJG][CIA viglafc) |UIGIUIG]
clalalc cla|UulG clAalGg|U cla|c|aA
Glujulg Glujalc Glulcla Glu|Glu

J

Conserved Features

Why these?

Genetic Code Conservation - First International Conference in Code Biology, Paris,
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