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a  b  s  t  r  a  c  t

The  C3 self-complementary  circular  code X  identified  in  genes  of  prokaryotes  and  eukaryotes  is a  set
of 20  trinucleotides  enabling  reading  frame  retrieval  and  maintenance,  i.e. a framing  code  (Arquès  and
Michel,  1996;  Michel,  2012,  2013). Some  mitochondrial  RNAs  correspond  to  DNA  sequences  when  RNA
transcription  systematically  exchanges  between  nucleotides  (Seligmann,  2013a,b).  We  study  here  the
23 bijective  transformation  codes  ˘(X)  of X which  may  code  nucleotide  exchanging  RNA  transcription
as  suggested  by this  mitochondrial  observation.  The  23  bijective  transformation  codes ˘(X) are  C3 trin-
ucleotide  circular  codes,  seven  of  them  are  also  self-complementary.  Furthermore,  several  correlations
are observed  between  the  Reading  Frame  Retrieval  (RFR)  probability  of bijective  transformation  codes
˘(X) and  the  different  biological  properties  of  ˘(X)  related  to  their  numbers  of RNAs  in  GenBank’s  EST
database,  their  polymerization  rate,  their number  of  amino  acids  and  the  chirality  of  amino  acids  they
ucleotide exchanging code. Results  suggest  that  the  circular  code  X with  the functions  of  reading  frame  retrieval  and  mainte-
nance  in  regular  RNA  transcription,  may  also  have,  through  its  bijective  transformation  codes  ˘(X), the
same  functions  in nucleotide  exchanging  RNA  transcription.  Associations  with  properties  such  as  amino
acid  chirality  suggest  that  the  RFR of X and  its  bijective  transformations  molded  the  origins  of the  genetic
code’s  machinery.

© 2014  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

The genetic code is a set of 64 trinucleotides {AAA,. . .,TTT} (called
odons) coding the 20 amino acids constituting the proteins. Three
rinucleotides {ATG,GTG,TTG} (called start codons) have two func-
ions: they code an amino acid and they are also initiation signals
or protein synthesis. The classical start codon is ATG coding Met.
hree trinucleotides {TAA,TAG,TGA} (called stop codons) which do
ot code for an amino acid, are termination signals for protein syn-
hesis. As the trinucleotides are the DNA words coding the amino
cids, genes are DNA sequences which are read modulo 3 letters

mong the three possible frames. Classically, only one frame, called
eading frame, which begins with a start codon and ends with a
top codon, codes the corresponding protein sequence according to

∗ Corresponding author. Tel.: +33 368854462.
E-mail addresses: c.michel@unistra.fr (C.J. Michel), varanuseremius@gmail.com

H. Seligmann).
1 Current address: Unité de Recherche sur les Maladies Infectieuses et Tropicales

mergentes, Faculté de Médecine, URMITE CNRS-IRD 198 UMR  6236, Université de
a  Méditerranée, 13385 Marseille, France.

ttp://dx.doi.org/10.1016/j.biosystems.2014.02.002
303-2647/© 2014 Elsevier Ireland Ltd. All rights reserved.
the genetic code. However, ribosomal slippage uses a non-reading
frame (frameshift translation) which is terminated early by stop
codons (Seligmann and Pollock, 2004; Itzkovitz and Alon, 2007;
Seligmann, 2007, 2010). Start and stop codons are not the only
punctuation signals in genes. Indeed, a set X of 20 trinucleotides
identified in prokaryotic and eukaryotic genes is a circular code
which both codes amino acids and maintains the reading frame
(Arquès and Michel, 1996; Michel, 2012, 2013):

X = {AAC, AAT, ACC, ATC, ATT, CAG, CTC, CTG, GAA, GAC,

GAG, GAT, GCC, GGC, GGT, GTA, GTC, GTT, TAC, TTC}. (1)

These 20 trinucleotides X are overrepresented in reading frames of
prokaryotic and eukaryotic genes, as compared to their frequencies
in the two  non-coding shifted frames (Arquès and Michel, 1996).

Furthermore, the different trinucleotides of X vary in efficiency for
frame maintenance (termed stability in Table 7 in Ahmed et al.,
2010). We  briefly recall a few definitions and properties of the
common trinucleotide circular code X (1) which are involved here.

dx.doi.org/10.1016/j.biosystems.2014.02.002
http://www.sciencedirect.com/science/journal/03032647
http://www.elsevier.com/locate/biosystems
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biosystems.2014.02.002&domain=pdf
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.1. Definitions and few properties of the common trinucleotide
ircular code X

Notation 1. The letters (or nucleotides or bases) define the
enetic alphabet A4 = {A,C,G,T}. The set of non-empty words (words
esp.) over A4 is denoted by A+

4 (A∗
4 resp.). The set of the 16 words

f length 2 (dinucleotides or diletters) on A4 is denoted by A2
4 =

AA, . . .,  TT}.  The set of the 64 words of length 3 (trinucleotides or
riletters) on A4 is denoted by A3

4 = {AAA, . . .,  TTT}. The set of 20
mino acids is denoted by A20 = {Ala, Arg, Asn, Asp, Cys, Gln, Glu, Gly,
is, Ile,  Leu, Lys, Met, Phe, Pro,  Ser,  Thr, Trp,  Tyr,  Val} using the 3-

etter convention. The (universal) genetic code is a surjective map
 : A3

4\{TAA, TAG, TGA} → A20 giving the amino acid aa = G(l1l2l3)
oded by the codon l1l2l3. The three stop codons {TAA, TAG, TGA} do
ot code for an amino acid. Let x1 · · · xn be the concatenation of the
ords xi for i = 1,.  . .,n, where the symbol “ · ” is the concatenation

f words. We  use here the definitions in coding theory.

efinition 1. Code: A set Y of words in A3
4 is a code if, for each

1, . . .,  xn, y1, . . .,  ym ∈ Y, n, m ≥ 1, the condition x1 · · · xn = y1 · · · ym

mplies n = m and xi = yi for i = 1, . . .,  n.
The set A3

4 itself is a code. Consequently, its non-empty subsets
re codes. Here, we call them trinucleotide codes.

efinition 2. Trinucleotide circular code: A trinucleotide code
 ⊂ A3

4 is circular if, for each x1, . . .,  xn, y1, . . .,  ym ∈ Y, n, m ≥ 1, r ∈ A∗
4,

 ∈ A+
4 , the conditions sx2 · · · xnr = y1 · · · ym and x1 = rs imply n = m,

 = ε (empty word) and xi = yi for i = 1, . . .,  n.

efinition 3. Complementarity map  C:  The complementarity
ap  C : A+

4 → A+
4 is defined by C(A) = T , C(C) = G, C(G) = C, C(T) = A

nd, according to the property of the complementary and antipar-
llel double helix (for DNA and RNA), by C(u · v) = C(v) · C(u) for
ll u, v ∈ A+

4 , e.g. C(ACG) = CGT . The complementarity map  C on
 trinucleotide x is naturally extended to a trinucleotide code Y
y applying the complementarity map  C to all its trinucleotides:
(Y) = {y|∀y′ ∈ Y, y = C(y′)}.

efinition 4. Circular permutation map  P: The circular permu-
ation map  P : A3

4 → A3
4 permutes circularly each trinucleotide l0l1l2

s follows P(w0) = l1l2l0, e.g. P(ACG) = CGA. The k th iterate of P is
enoted Pk, e.g. P2(ACG) = GAC. The circular permutation map  P
n a trinucleotide x is naturally and similarly extended to a trinu-
leotide code Y by applying the circular permutation map  P (or the k
h iterate of P) to all its trinucleotides: P(Y) = {y|∀y′ ∈ Y, y = P(y′)}.

efinition 5. Self-complementary trinucleotide circular code:
 trinucleotide circular code Y is self-complementary if, for each

 ∈ Y, C(y) ∈ Y .

efinition 6. Permuted trinucleotide code: A trinucleotide code
1 = P(Y) of a trinucleotide code Y is permuted if, for each y ∈ Y,
(y) ∈ P(Y). The permuted trinucleotide code Y2 = P2(Y) is defined
imilarly.

efinition 7. C3 trinucleotide circular code: A trinucleotide cir-
ular code Y is C3 if the permuted trinucleotide codes Y1 = P(Y) and
2 = P2(Y) are circular codes.

efinition 8. C3 self-complementary trinucleotide circular
ode: A trinucleotide circular code Y is C3 self-complementary if Y,
1 = P(Y) and Y2 = P2(Y) are trinucleotide circular codes satisfying
he following properties Y = C(Y) (self-complementary), C(Y1) = Y2
nd C(Y ) = Y (Y and Y are complementary).
2 1 1 2

esult 1. (Arquès and Michel, 1996). The common trinucleotide
et X = X0 (1) coding the reading frames (frames 0) in eukaryotic
nd prokaryotic genes is a C3 self-complementary trinucleotide
stems 118 (2014) 39–50

circular code. The circular code X1 = P(X) contains the 20 following
trinucleotides

X1 = {AAG, ACA, ACG, ACT, AGC, AGG, ATA, ATG, CCA, CCG,

GCG, GTG, TAG, TCA, TCC, TCG, TCT, TGC, TTA, TTG}
(2)

and the circular code X2 = P2(X), the 20 following trinucleotides

X2 = {AGA, AGT, CAA, CAC, CAT, CCT, CGA, CGC, CGG, CGT,

CTA, CCT, GCA, GCT, GGA, TAA, TAT, TGA, TGG, TGT}.
(3)

Definition 9. Trinucleotide comma-free code: A trinucleotide
code Y ⊂ A3

4 is comma-free if, for each y ∈ Y and u, v ∈ A∗
4 such that

uyv = x1· · ·xn with x1, . . .,  xn ∈ Y, n ≥ 1, it holds that u, v ∈ Y∗.

Result 2. (Michel, 2012). The subset X̃ = {CAG, CTC, CTG, GAG} of
X (1) is a trinucleotide comma-free code and furthermore, C3 self-
complementary.

1.2. Circular code involved in frameshift and overlapping genes

Frameshift genes use two  frames to code for a protein. Indeed,
a programmed ribosomal frameshift occurs so that the second part
of the protein coded downstream the frameshift site is translated in
the +1 or +2 frame compared to the first part of the protein upstream
the frameshift site which is translated in reading frame 0. There is a
loss of the X circular code signal at the frameshift site (Ahmed et al.,
2007). Furthermore, the X circular code signal downstream the
frameshift site is shifted from the circular code signal upstream the
frameshift site according to the type +1 or +2 of frameshift (Ahmed
and Michel, 2011). The transition phase of the X circular code signal
at the frameshift site is compatible with a frameshift solely induced
by a frameshifting mutation, i.e. a nucleotide insertion or deletion.

Overlapping genes use more than one frame to code for
more than one protein, typically two proteins. In mitochondria,
overlapping genes can be expressed when RNA transcription
systematically exchanges between nucleotides (Seligmann, 2012,
2013a,b,c). Precisely, in addition to the regular transcription of
DNA to RNA, there are 23 different potential types of nucleotide
exchanges which can be divided into two  classes: nine symmetric
exchanges of the type a ↔ b (Seligmann, 2013a) and 14 asymmet-
ric exchanges of the type a → b → c → d → a (Seligmann, 2013b).
About 100 RNA transcripts corresponding to regions of the human
mitochondrial genome after systematic nucleotide exchange have
been detected for seven symmetric nucleotide exchanges and
four asymmetric nucleotide exchanges in GenBank’s ESTs database
(Seligmann, 2013a,b). As GenBank’s EST database includes about
10,000 human transcripts from mitochondria, this observation sug-
gests that the nucleotide exchanging transcripts represent about
1% of RNAs. Otherwise, the trinucleotides of the circular code X
are underrepresented in the regular reading frames involved in
predicted overlapping genes, as detected by comparing their fre-
quencies in adjacent (upstream and downstream) regions of the
main frame of the regular gene coded without nucleotide exchange
(Seligmann, 2012, 2013a,b,c).

As the circular code X is associated to the reading frames
in eukaryotic and prokaryotic genes, i.e. to the regular RNA
transcription, the working hypothesis studied here is to relate
the 23 bijective transformation codes of X with the 23
nucleotide exchanges which generate non-regular RNA transcrip-
tion observed, for example, in mitochondrial overlapping genes.
We will show that the 23 bijective transformation codes ˘(X) of X
are C3 trinucleotide circular codes, i.e. with the property of reading

frame retrieval and maintenance, and furthermore, seven of them
are in addition self-complementary. The trinucleotides of X which
occur in the bijective transformation codes ˘(X) are analyzed for
their probability to retrieve the reading frame. These “conserved”
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rinucleotides of X in ˘(X) may  also explain the paucity of X
n mitochondrial overlapping genes (Seligmann, 2012, 2013a,b,c).
urthermore, the 23 bijective transformation codes ˘(X) are also
nalyzed according to their polymerization rate, their number of
mino acids and the chirality of amino acids they code.

. Method

.1. The 23 bijective transformation codes of the C3

elf-complementary trinucleotide circular code X

We  described the 23 bijective transformation codes
(X) = {�1(X), . . .,  �23(X)} of the C3 self-complementary trin-

cleotide circular code X = �0(X) (Table 1). The notation of bijective
ransformations used here is based on (i) the transcript data
dentified from the human mitochondrial genome by Seligmann
2013a,b) in previous papers; and (ii) the biological function
f the polymerase. These biological observations suggest that
ijective transformations of RNA transcripts using only two bases
re simpler than bijective transformations of three bases which
re also simpler than bijective transformations of four bases.
nother notation of bijective transformations of circular codes has
ecently been proposed by Fimmel et al. (2013, pp. 225–226) in a
ombinatorial work based on group theory.

.1.1. Partition into symmetric and asymmetric bijective
ransformation codes

The 23 bijective transformation codes ˘(X) of X can be parti-
ioned into nine symmetric bijective transformation codes ˘S(X) =
�1(X), . . .,  �9(X)} and 14 asymmetric bijective transformation
odes ˘A(X) = {�10(X), . . .,  �23(X)} (Table 1). The number N(n,p)
f bijective transformation codes at p letters among n letters is
obviously) equal to

(n, p) = n!
(n − p)!p

.

Note: If p = n then N(n, n) = (n − 1) !.
The nine symmetric bijective transformation codes ˘S(X) can

gain be partitioned into

(i) N(4,2)=6 symmetric bijective transformation codes ˘S,2(X) at
2 letters

˘S,2(X) = {�1(X) : (AC), �2(X) : (AG), �3(X) : (AT),

�4(X) : (CG), �5(X) : (CT), �6(X) : (GT)}

where �i(X) : (l1l2) is the ith bijective transformation in the lex-
icographical order of the letter l1 ∈ A4 into the letter l2 ∈ A4,
l2 /= l1, and reciprocally;

ii) N(4,2)/2=3 symmetric bijective transformation codes ˘S,2,2(X)
of two disjoint bijective transformations at 2 letters

˘S,2,2(X) = {�7(X) : (AC)(GT), �8(X) : (AG)(CT),

�9(X) : (AT)(CG)}

where �i(X) : (l1l2)(l3l4) is the ith bijective transformation in the
lexicographical order of the letter l1 ∈ A4 into the letter l2 ∈ A4,
l2 /= l1, and reciprocally, and of the letter l3 ∈ A4, l3 /= l2 /= l1,

into the letter l4 ∈ A4, l4 /=  l3 /= l2 /= l1, and reciprocally.

The 14 asymmetric bijective transformation codes ˘A(X) can
lso be partitioned into
stems 118 (2014) 39–50 41

(i) N(4,3)=8 asymmetric bijective transformation codes ˘A,3(X) at
3 letters

˘A,3(X) =
{�10(X) : (ACG), �11(X) : (ACT), �12(X) : (AGC),
�13(X) : (AGT), �14(X) : (ATC), �15(X) : (ATG),
�16(X) : (CGT), �17(X) : (CTG)}

where �i(X) : (l1l2l3) is the ith bijective transformation in the
lexicographical order of the letter l1 ∈ A4 into the letter l2 ∈ A4,
l2 /= l1, the letter l2 into the letter l3 ∈ A4, l3 /= l2 /= l1, and the
letter l3 into the letter l1;

(ii) N(4,4)=6 asymmetric bijective transformation codes ˘A,4(X) at
4 letters

˘A,4(X) = {�18(X) : (ACGT), �19(X) : (ACTG), �20(X) : (AGCT),
�21(X) : (AGTC), �22(X) : (ATCG), �23(X) : (ATGC)}

where �i(X) : (l1l2l3l4) is the ith bijective transformation in the
lexicographical order of the letter l1 ∈ A4 into the letter l2 ∈ A4,
l2 /= l1, the letter l2 into the letter l3 ∈ A4, l3 /= l2 /= l1, the letter
l3 into the letter l4 ∈ A4, l4 /= l3 /= l2 /= l1, and the letter l4 into the
letter l1.

Note that the transformations at 1 (X = �0(X)), 2, 3 and 4 let-
ters are the transformations of order 1, 2, 3 and 4, respectively,
according to the notation in Fimmel et al. (2013, pp. 225–226).

2.1.2. Partition into complementary and non-complementary
bijective transformation codes

The 23 bijective transformation codes ˘(X) of X can also be par-
titioned into seven self-complementary bijective transformation
codes ˘C(X) = {�3(X), �4(X), �7(X), �8(X), �9(X), �19(X), �21(X)}
and 16 non self-complementary bijective transformation codes
˘C(X) = ˘(X)\˘C(X) of X (Table 1).

2.2. Reading frame retrieval (RFR) probability of a bijective
transformation code �(X)

A method was  developed for measuring the Reading Frame
Retrieval (RFR) probability (originally called stability) for sets of
20 trinucleotides, in particular for the C3 self-complementary trin-
ucleotide circular code X (Ahmed et al., 2010). The RFR probability
of X is based on the mean value of RFR probabilities of 20 trin-
ucleotides of X. This RFR method is extended here to the RFR
probability for a bijective transformation code �(X) of X.

Let x0 = l0l1l2, li ∈ A4 with 0 ≤ i ≤ 2, be a trinucleotide of X (in
frame 0). The cardinality of X is Card(X) = 20. By convention, the
reading frame established by a start codon {ATG, GTG, TTG} is the
frame 0, and the frames 1 and 2 are the reading frame 0 shifted by
1 and 2 nucleotides in the 5′ − 3′ direction, respectively. Let the
di-trinucleotide w be a concatenation of the two trinucleotides
x0 and x′

0 = l′0l′1l′2 of X, i.e. w = x0x′
0 ∈ X2. By assuming that the

trinucleotides of X are equiprobable, then there are 400 possi-
ble di-trinucleotides w ∈ X2 leading to an occurrence probability
Pr(w) = 1/Card(X)2. We  denote by x0(w), x1(w)  and x2(w) the trin-
ucleotides l0l1l2 in frame 0, l1l2l′0 in frame 1 and l2l′0l′1 in frame 2
of a di-trinucleotide w ∈ X2, respectively. The concatenation of the
two trinucleotides x0 and x′

0 of X may  yield a trinucleotide xf (w) ∈ X
but in a frame f /= 0. For example, the concatenation of the trinu-
cleotides x0 = TAC ∈ X and x′

0 = CTC ∈ X , i.e. w = TACCTC,  leads to the
trinucleotide x1(w)  = ACC ∈ X which thus occurs in frame 0 but also

in frame 1 (see the trinucleotides of X in (1)).

In order to measure the RFR probability of each trinucleotide x
of X, the frequency of x of X to occur not only in the reading frame
0 but also in the 2 shifted frames 1 and 2, is determined. Let the
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Table 1
Probability Pr(x,X)  (%) (Eq. (4)) of Reading Frame Retrieval (RFR) of each trinucleotide x of the C3 self-complementary trinucleotide circular code X = �0(X) in the 23 bijective transformation codes ˘(X) = {�1(X), . . .,  �23(X)}.
The  lines 1–2 give the RFR probability Pr(x,X) (%) of x of X. The subset X̃ = {CAG, CTC, CTG, GAG} of the four trinucleotides x̃ is a C3 self-complementary trinucleotide comma-free code with a RFR probability Pr(x̃, X) = 1. The
lines  3–14 present the RFR probability Pr(x,X)  (%) of x of X in the six symmetric bijective transformation codes ˘S,2(X) = {�1(X), �2(X), �3(X), �4(X), �5(X), �6(X)} at 2 letters. The lines 15–20 give the RFR probability Pr(x,X)
(%)  of x of X in the three symmetric bijective transformation codes ˘S,2,2(X) = {�7(X), �8(X), �9(X)} of two disjoint transformations at 2 letters. The lines 21–36 present the RFR probability Pr(x,X) (%) of x  of X in the eight
asymmetric  bijective transformation codes ˘A,3(X) = {�10(X), �11(X), �12(X), �13(X), �14(X), �15(X), �16(X), �17(X)} at 3 letters. The lines 37–48 present the RFR probability Pr(x,X) (%) of x of X in the six asymmetric bijective
transformations ˘A,4(X) = {�18(X), �19(X), �20(X), �21(X), �22(X), �23(X)} at 4 letters. Underlined trinucleotides x in the codes ˘(X) belong to X. Bijective transformations {�3(X), �4(X), �7(X), �8(X), �9(X), �19(X), �21(X)} in
bold  are C3 self-complementary trinucleotide circular codes. The next to last column gives the RFR probability Pr(�(X)) (%) (Eq. (5)) of X and its 23 codes ˘(X). The last column presents the relative RFR probability PrRFR(�(X))
(%)  (Eq. (6)) of X and its 23 codes ˘(X).

Pr(�(X)) PrRFR(�(X))

X = �0(X) AAC AAT ACC ATC ATT CAG CTC CTG GAA GAC GAG GAT GCC GGC GGT GTA GTC GTT TAC TTC
Pr(x,X)  (%) 80 76.9 69 76.9 76.9 100 100 100 76.9 87 100 76.9 87 87 69 71.4 87 80 71.4  76.9 82.5 100

�1(X) : (AC) CCA CCT CAA CTA CTT ACG ATA ATG GCC GCA GCG GCT GAA GGA GGT GTC GTA GTT TCA TTA
Pr(x,  �1(X)) (%) 0  0 0  0  0 0 0  0  87 0 0 0 76.9 0 69 87 71.4 80 0 0 23.6 28.6
�2(X) : (AG) GGC GGT GCC GTC GTT CGA CTC CTA AGG AGC AGA AGT ACC AAC AAT ATG ATC ATT TGC TTC
Pr(x, �2(X)) (%) 87 69 87 87 80 0 100 0  0 0 0 0 69 80 76.9 0 76.9 76.9 0 76.9 48.3 58.6
�3(X) : (AT) TTC TTA TCC TAC TAA CTG CAC CAG GTT GTC GTG GTA GCC GGC GGA GAT GAC GAA ATC AAC
Pr(x, �3(X)) (%) 76.9 0 0  71.4 0 100 0  100 80 87 0 71.4 87 87 0 76.9 87 76.9 76.9  80 57.9 70.2
�4(X) : (CG) AAG AAT AGG ATG ATT GAC GTG GTC CAA CAG CAC CAT CGG CCG CCT CTA CTG CTT TAG TTG
Pr(x,  �4(X)) (%) 0 76.9 0  0  76.9 87 0  87 0 100 0 0 0 0 0 0 100 0  0 0 26.4 32.0
�5(X) : (CT) AAT AAC ATT ACT ACC TAG TCT TCG GAA GAT GAG GAC GTT GGT GGC GCA GCT GCC CAT CCT
Pr(x,  �5(X)) (%) 76.9 80  76.9 0  69 0 0  0  76.9 76.9 100  87 80 69 87 0 0 87 0 0 48.3 58.6
�6(X) : (GT) AAC AAG ACC AGC AGG CAT CGC CGT TAA TAC TAT TAG TCC TTC TTG TGA TGC TGG GAC GGC
Pr(x, �6(X)) (%) 80 0 69 0  0 0 0  0  0 71.4 0 0 0 76.9 0 0 0 0  87 87 23.6 28.6

�7(X) : (AC)(GT) CCA CCG CAA CGA CGG ACT AGA AGT TCC TCA TCT TCG TAA TTA TTG TGC TGA TGG GCA GGA
Pr(x,  �7(X)) (%) 0  0 0  0  0 0 0  0  0 0 0 0 0 0 0 0 0 0  0 0 0 0
�8(X) : (AG)(CT) GGT GGC GTT GCT GCC TGA TCT TCA AGG AGT AGA AGC ATT AAT AAC ACG ACT ACC CGT CCT
Pr(x,  �8(X)) (%) 69 87 80 0  87 0 0  0  0 0 0 0 76.9 76.9 80 0 0 69 0 0 31.3 37.9
�9(X) : (AT)(CG) TTG TTA TGG TAG TAA GTC GAG GAC CTT CTG CTC CTA CGG CCG CCA CAT CAG CAA ATG AAG
Pr(x,  �9(X)) (%) 0  0 0  0  0 87 100 87 0 100 100 0 0 0 0 0 100 0  0 0 28.7 34.8

�10(X) : (ACG) CCG CCT CGG CTG CTT GCA GTG GTA ACC ACG ACA ACT AGG AAG AAT ATC ATG ATT TCG TTG
Pr(x,  �10(X)) (%) 0  0 0  100 0 0 0  71.4 69 0 0 0 0 0 76.9 76.9 0 76.9 0 0 23.6 28.5
�11(X) : (ACT) CCT CCA CTT CAT CAA TCG TAT TAG GCC GCT GCG GCA GTT GGT GGA GAC GAT GAA ACT AAT
Pr(x, �11(X)) (%) 0  0 0  0  0 0 0  0  87 0 0 0 80 69 0 87 76.9 76.9 0 76.9 27.7 33.6
�12(X) : (AGC) GGA GGT GAA GTA GTT AGC ATA ATC CGG CGA CGC CGT CAA CCA CCT CTG CTA CTT TGA TTA
Pr(x,  �12(X)) (%) 0 69 76.9 71.4 80  0 0  76.9 0 0 0 0 0 0 0 100 0 0  0 0 23.7 28.7
�13(X) : (AGT) GGC GGA GCC GAC GAA CGT CAC CAT TGG TGC TGT TGA TCC TTC TTA TAG TAC TAA AGC AAC
Pr(x, �13(X)) (%) 87 0 87 87 76.9 0 0  0  0 0 0 0 0 76.9 0 0 71.4 0  0 80 28.3 34.3
�14(X) : (ATC) TTA TTC TAA TCA TCC ATG ACA ACG GTT GTA GTG GTC GAA GGA GGC GCT GCA GCC CTA CCA
Pr(x,  �14(X)) (%) 0  76.9 0  0  0 0 0  0  80 71.4 0 87 76.9 0 87 0 0 87 0 0 28.3 34.3
�15(X) : (ATG) TTC TTG TCC TGC TGG CTA CGC CGA ATT ATC ATA ATG ACC AAC AAG AGT AGC AGG GTC GGC
Pr(x, �15(X)) (%) 76.9 0 0  0  0 0 0  0  76.9 76.9 0 0 69 80 0 0 0 0  87 87 27.7 33.6
�16(X) : (CGT) AAG AAC AGG ACG ACC GAT GCG GCT TAA TAG TAT TAC TGG TTG TTC TCA TCG TCC CAG CCG
Pr(x,  �16(X)) (%) 0  80 0  0  69 76.9 0  0  0 0 0 71.4 0 0 76.9 0 0 0  100 0 23.7 28.7
�17(X) : (CTG) AAT AAG ATT AGT AGG TAC TGT TGC CAA CAT CAC CAG CTT CCT CCG CGA CGT CGG GAT GGT
Pr(x, �17(X)) (%) 76.9 0 76.9 0  0 71.4 0  0  0 0 0 100 0 0 0 0 0 0  76.9  69 23.6 28.5

�18(X) : (ACGT) CCG CCA CGG CAG CAA GCT GAG GAT TCC TCG TCT TCA TGG TTG TTA TAC TAG TAA ACG AAG
Pr(x,  �18(X)) (%) 0  0 0  100 0 0 100 76.9 0 0 0 0 0 0 0 71.4 0 0  0 0 17.4 21.1
�19(X) : (ACTG) CCT CCG CTT CGT CGG TCA TGT TGA ACC ACT ACA ACG ATT AAT AAG AGC AGT AGG GCT GGT
Pr(x, �19(X)) (%) 0  0 0  0  0 0 0  0  69 0 0 0 76.9 76.9 0 0 0 0  0 69 14.6 17.7
�20(X) : (AGCT) GGT GGA GTT GAT GAA TGC TAT TAC CGG CGT CGC CGA CTT CCT CCA CAG CAT CAA AGT AAT
Pr(x, �20(X)) (%) 69 0 80 76.9 76.9 0 0  71.4 0 0 0 0 0 0 0 100 0 0  0 76.9 27.6 33.4
�21(X) : (AGTC) GGA GGC GAA GCA GCC AGT ACA ACT TGG TGA TGT TGC TAA TTA TTC TCG TCA TCC CGA CCA
Pr(x,  �21(X)) (%) 0  87 76.9 0  87 0 0  0  0 0 0 0 0 0 76.9 0 0 0  0 0 16.4 19.9
�22(X) : (ATCG) TTG TTC TGG TCG TCC GTA GCG GCA ATT ATG ATA ATC AGG AAG AAC ACT ACG ACC CTG CCG
Pr(x,  �22(X)) (%) 0 76.9 0  0  0 71.4 0  0  76.9 0 0 76.9 0 0 80 0 0 69 100 0 27.6 33.4
�23(X) : (ATGC) TTA TTG TAA TGA TGG ATC AGA AGC CTT CTA CTC CTG CAA CCA CCG CGT CGA CGG GTA GGA
Pr(x,  �23(X)) (%) 0  0 0  0  0 76.9 0  0  0 0 100 100 0 0 0 0 0 0  71.4  0 17.4 21.1
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ndicator function ı(x, X) be equal to 1 if the trinucleotide x belongs
o X, 0 otherwise

(x, X) =
{

1 if x ∈ X,
0 otherwise.

Let the indicator function ı(x, xf (w), X) be equal to 1 if the trin-
cleotide xf (w)  in the shifted frame f, 1 ≤ f ≤ 2, of w is equal to the
rinucleotide x ∈ X

(x, xf (w), X) =
{

1 if x = xf (w)  with x ∈ X and w ∈ X2,
0 otherwise.

Then, the RFR probability Pr(x,X) of a trinucleotide x ∈ X is equal
o

r(x, X) = ı(x, X)

1 + 1
Card(X)

∑
1≤f ≤2

∑
w ∈ X2 ı(x, xf (w), X)

. (4)

When the trinucleotide x does not occur in the shifted frames
hen its RFR probability Pr(x,X) = 1.

The RFR probability Pr(x,X) of each trinucleotide x of the C3 self-
omplementary trinucleotide circular code X is given in Table 1
first two lines). The subset X̃ = {CAG, CTC, CTG, GAG} of the four
rinucleotides x̃ is a C3 self-complementary trinucleotide comma-
ree code with a RFR probability Pr(x̃, X) = 1 for each trinucleotide

˜, in accordance with Definition 9.
Then, the RFR probability Pr(X) of the C3 self-complementary

rinucleotide circular code X is equal to

r(X) = 1
Card(X)

∑
x ∈ X

Pr(x, X). (5)

The RFR probability Pr(X) of X is equal to 82.5% (Table 1).
The RFR probability Pr(�(X)) of a bijective transformation code

(X) of X is measured by the RFR probabilities of trinucleotides x of
 which occur (“conserved”) in �(X), i.e.

r(�(X)) = 1
Card(X)

∑
x ∈ �(X)

Pr(x, X). (6)

Note obviously that Pr(�0(X)) = Pr(X) as �0(X) = X and
ard(X) = Card(�(X)) for the 23 bijective transformation codes
(X).
The relative RFR probability PrRFR(�(X)) of a bijective transfor-

ation code �(X) of X is equal to

rRFR(�(X)) = Pr(�(X))
Pr(X)

. (7)

ote obviously that

rRFR(X) = 1 (8)

s �0(X) = X.
The relative RFR probabilities PrRFR(�(X)) of the 23 bijective

ransformation codes ˘(X) range from 70.2% for �3(X) to 0 for �7(X)
Table 1).

.3. Classical statistical tests used
We  briefly recall basic information about the three classical sta-
istical tests used. The reader can refer to basic statistical textbooks
or details, e.g. Sokal and Rohlf (2012), Woolson (1987). We  sys-
ematically report here bilateral tests (two-tailed p values).
stems 118 (2014) 39–50 43

2.3.1. Pearson product moment correlation coefficient r
Let two series of paired data X(x1, . . .,  xn) and Y(y1, . . .,  yn) of same

size n. Then, the Pearson product moment correlation coefficient r
is a parametric measure equal to

r =
∑n

i=1(xi − x̄)(yi − ȳ)√∑n
i=1(xi − x̄)2∑n

i=1(yi − ȳ)2

where x̄ = 1
n

∑n
i=1xi and ȳ = 1

n

∑n
i=1yi.

If r = 0 then the two data series X and Y are not linearly corre-
lated. If r ± 1 then the two  data series X and Y are perfectly linearly
correlated, positively if r = 1 and negatively if r = −1. The two  data
series X and Y are much more correlated if r is far from 0.

2.3.2. Spearman rank correlation coefficient rs

We have completed the coefficient r by a non-parametric mea-
sure based on the Spearman rank correlation coefficient rs which
is classically defined by the coefficient r between ranked series.
This statistic test for correlations is not affected by extreme values,
hence positive results are not due to outliers.

2.3.3. Fisher’s exact test
The data for two independent random samples are yij where

yij = 0 or yij = 1 for the ith, i = 1, 2, . . .,  nj, observation in the group
j, j = 1,2. The two independent random samples arise from popula-
tions with probability p1 (p2 respectively) of responses 1 in group
1 (2 respectively). A 2 × 2 table is constructed where a (c respec-
tively) is the number of responses 1 in group 1 (2 respectively) and
b (d respectively) is the number of responses 0 in group 1 (2 respec-
tively). The null hypothesis is H0:p1 = p2. Under H0, the probability
Pa of the observed table is determined from the hypergeometric
distribution

Pa = (a + b)!(a + c)!(b + d)!(c + d)!
(a + b + c + d)!a!b!c!d!

and the probabilities of all tables more extreme than it, are com-
puted.

2.4. Polymerization rate of a bijective transformation code �(X)

We define a polymerization rate for a bijective transforma-
tion code �(X). During polymerization of nucleotide sequences,
such as RNA transcription, bijective transformations correspond to
misinsertions of a given nucleotide by another nucleotide. These
nucleotide misinsertions are characterized by measured kinetic
parameters corresponding to the affinity k (�M) and the maximal
rate Vmax (s−1) according to classical Michaelis–Menten enzyme
kinetic analyses. The affinity k reflects the reaction’s rate when
the enzyme is in excess as compared to the substrate while the
maximal rate Vmax corresponds to substrate excess conditions. We
use Table 2 in Lee and Johnson (2006) which gives the values
of k(l1l2) and Vmax(l1l2) for each of the 16 nucleotide insertions
(l1l2), l1, l2 ∈ A4: the 12 misinsertions (l1l2) with l2 /= l1, and the
four regular (‘correct’) insertions (l1l1), as measured for the human
mitochondrial DNA polymerase gamma. Note that the bijective
transformation (l1l2) is associated to dl2TP : dl1 in Table 2 in Lee
and Johnson (2006).

Assuming similarity between DNA and RNA synthesis, we define
the polymerization rate pol(l1l2) of a nucleotide insertion (l1l2), l1,
l2 ∈ A4, by
pol(l1l2) = k(l1l2) × Vmax(l1l2).

Indeed, the affinity k and the maximal rate Vmax tend to be
inversely proportional. Thus, the product k × Vmax characterizes
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Table 2
Polymerization rate pol(�(X)) (Eqs. (9) and (10)) of the C3 self-complementary trin-
ucleotide circular code X = �0(X) and its 23 bijective transformation codes ˘(X).

pol(�(X))

X = �0(X) 11.2
�1(X) 80.6
�2(X) 111.7
�3(X) 61.3
�4(X) 69.5
�5(X) 39.6
�6(X) 113.7
�7(X) 183.2
�8(X) 126.3
�9(X) 119.3
�10(X) 94.8
�11(X) 102.1
�12(X) 155.4
�13(X) 168.4
�14(X) 54.6
�15(X) 107.1
�16(X) 75.4
�17(X) 122.1
�18(X) 151.6
�19(X) 147.9
�20(X) 176.9
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�21(X) 161.7
�22(X) 68.8
�23(X) 150.9

he rate across the whole range of conditions (from low to high
ucleotide concentrations).

The definition of the polymerization rate pol(l1l2) of a nucleotide
nsertion (l1l2) is extended to the polymerization rate pol(�(X)) of

 bijective transformation code �(X) by summing over the four
ucleotide insertions (l1l2) depending on �(X). Precisely, for l1, l2,

3, l4 ∈ A4, l1 /= l2 /= l3 /= l4, the polymerization rate pol(X) of the
3 self-complementary trinucleotide circular code X is equal to

ol(X) = pol(l1l1) + pol(l2l2) + pol(l3l3) + pol(l4l4) (9)

nd the polymerization rate pol(�(X)) of a bijective transformation
ode �(X) is equal to

ol(�(X)) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

pol(l1l2) + pol(l2l1) + pol(l3l3) + pol(l4l4) if �(X) :

pol(l1l2) + pol(l2l1) + pol(l3l4) + pol(l4l3) if �(X) : (l

pol(l1l2) + pol(l2l3) + pol(l3l1) + pol(l4l4) if �(X) : 

pol(l1l2) + pol(l2l3) + pol(l3l4) + pol(l4l1) if �(X) : (l

xample 1. For the C3 self-complementary trinucleotide cir-
ular code X, the polymerization rate pol(X) = pol(AA)  + pol(CC) +
ol(GG) + pol(TT)  = 25 × 0.0036 + 140 × 0.003 + 150 × 0.066 + 57 ×
.013 = 11.151 �M/s. For the bijective transformation code
1(X) : (AC), the polymerization rate pol(�1(X)) = pol(AC)  + pol(CA)  +
ol(GG)  + pol(TT)  = 540 × 0.1 + 160 × 0.1 + 150 × 0.066 + 57 × 0.013 =
0.641 �M/s.

Table 2 gives the polymerization rates pol(�(X)) of X = �0(X)
nd its 23 bijective transformation codes ˘(X). The C3 self-
omplementary trinucleotide circular code X has the lowest
olymerization rate pol(X) = 11.2.

.5. Amino acid chirality of a bijective transformation code �(X)

We  define an amino acid chirality of a bijective transformation
ode �(X). One of the strongest, earliest and most mysterious prop-
rties of the genetic code and translation process is that amino acids

sually occurring in organisms are all L-rotated enantiomers. All
mino acids in A20 have an L- and D-rotated form, at the exception
f Gly which has no asymmetrical molecular structure. The biolog-
cal preference for L amino acids putatively reflects small excess
stems 118 (2014) 39–50

)

3l4)

3)

4)

. (10)

of L versus D enantiomers in spontaneous non-biogenic amino
acids, such as those naturally occurring in meteorites (Engel and
Nagy, 1982; Engel and Macko, 1997; Pizzarello and Cronin, 2000;
Pizzarello et al., 2008).

The stereochemistry of D-nucleoside aminoacylation by the L
enantiomer of an amino acid (Fig. 3 in Han et al., 2010) differs from
that by the D enantiomer of the same amino acid (Fig. 4 in Han et al.,
2010). The conformation energies E for L and D enantiomers (EL and
ED) of the 19 amino acids in A20\Gly were determined with D nucle-
osides for the four nucleotides A, C, G and T (U) for RNA molecules
constrained on a surface (Bailey, 1998). Thus, 19 × 4 = 76 differences
EL − ED between L and D conformation energies are quantified for
each amino acid-nucleotide interaction (Table 1 in Han et al., 2010).
A difference indicates which amino acid enantiomer preferentially
interacts with a nucleotide, a negative value indicating that an L
enantiomer is preferred. 89.5% of amino acid-nucleotide interac-
tions indicate preference for L-enantiomers (68 negative values
among 76).

In order to get sums of positive values for the conformation ener-
gies of Table 1 in Han et al. (2010), we set the conformation energy
�Eaa(l) for an amino acid aa in interaction with a nucleotide l as
follows

�Eaa(l) = −(EL − ED)

where l ∈ A4 and aa ∈ A20 \ Gly.
Then, the aminoacylation conformation energy AE(aa)  measur-

ing the interactions of the amino acid aa ∈ A20 \ Gly assigned by
the genetic code G (see Notation 1) with the nucleotides C(l2) and
C(l1) at the second and third positions, respectively, of the anti-
codon C(l1l2l3) = C(l3)C(l2)C(l1) complementary to the codon l1l2l3,
is defined by

AE(aa)  = 1

2 × Card(G−1(aa))

∑
l1l2|l1l2l3=G−1(aa)

(�Eaa(C(l1))

+ �Eaa(C(l2))).  (11)

The normalization 1/(2 × Card(G−1(aa))) represents the number
of codons coded by an amino acid times 2 for the two nucleotide
positions. The anticodon is used, rather than the codon, because the
amino acid is supposed to be linked to its anticodon in the primitive
pre-tRNA translation system (Seligmann and Amzallag, 2002).

Example 2. For the amino acid arginine aa = Arg coded by
the six codons l1l2l3 in {AGA, AGG, CGA, CGC, CGG, CGT}, there
are two nucleotides C(l1 = A) = T , four nucleotides C(l1 = C) = G
and six nucleotides C(l2 = G) = C. From Table 1 in Han et al.
(2010), �EArg(C) = 2.89, �EArg(G) = 0.04 and �EArg(T) = 2.63. Then,
the aminoacylation conformation energy for Arg is equal to
AE(Arg) = (4 × 0.04 + 2 ×2.63 + 6 ×2.89)/(2 × 6) ≈ 1.897.

Table 3 gives the aminoacylation conformation energy AEaa for
the 19 amino acids aa ∈ A20 \ Gly. Seventeen amino acids have pos-

itive values AEaa meaning preference for L-enantiomers while two
amino acids His and Lys have negative values AEaa meaning prefer-
ence for D-enantiomers (note that naturally occurring enantiomers
in organisms are L also for His and Lys).
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Table  3
Aminoacylation conformation energy AE(aa)  (Eq. (11)) for the 20 amino acids except
glycine. Seventeen amino acids have positive values AE(aa) meaning preference
for  L-enantiomers while two amino acids His and Lys have negative values AE(aa)
meaning preference for D-enantiomers.

aa AE(aa)

Ala 4.450
Arg 1.897
Asn 9.540
Asp 11.620
Cys 4.905
Gln 8.110
Glu 16.795
His −0.075
Ile 2.530
Leu 2.997
Lys −1.060
Met  3.995
Phe 8.610
Pro 1.470
Ser 5.113
Thr 3.800
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Trp 1.140
Tyr 1.145
Val 3.200

Finally, the amino acid chirality chiralAA(�(X)) of a bijective
ransformation code �(X) per trinucleotide is defined by

hiralAA(�(X)) = 1
20

∑
l1l2l3 ∈ �(X)\{G−1(Gly),Stop}

AE(G(l1l2l3)) (12)

here the genetic map  G(l1l2l3) gives the amino acid coded by the
odon l1l2l3 except for seven codons: the four codons G−1(Gly) =
GGA, GGC, GGG, GGT} as the chirality of Gly is not defined and the
hree stop codons Stop = {TAA, TAG, TGA} which do not code an
mino acid. Table 4 gives the type and the occurrence number of
mino acids and stop codons coded by the C3 self-complementary
rinucleotide circular code X = �0(X) and its 23 bijective transfor-

ation codes ˘(X) according to the (universal) genetic code G.
he normalization 1/20 allows to consider bijective transforma-
ion codes �(X) containing several codons coding Gly and/or stop
odons, i.e. bijective transformation codes �(X) with no preferential
hirality.

xample 3. For the C3 self-complementary trinucleotide circular
ode X, the amino acid chirality is equal to chiralAA(X) = (AE(Ala) +
AE(Asn) + 2AE(Asp) + AE(Gln) + 2AE(Glu) + 2AE(Gly) + 2AE(Ile) +
AE(Leu) + AE(Phe) + AE(Thr)  + AE(Tyr)  + 3AE(Val))/20 = (4.45 +

 × 9.54 + 2 × 11.62 + 8.11 + 2 × 16.795 + 2 × 2.53 + 2 × 2.997 +
.61 + 3.8 + 1.145 + 3 × 3.2)/20 ≈ 6.134.

Table 5 gives the amino acid chirality chiralAA(�(X)) of X = �0(X)
nd its 23 bijective transformation codes ˘(X). The C3 self-
omplementary trinucleotide circular code X has the highest
hirality rate chiralAA(X) ≈ 6.134, i.e. X has the most L-oriented
mino acids.

.6. Transcript data

The complete sequence of the human mitochondrial genome
s downloaded from GenBank (entry NC012920). Then, the 23
ijectively transformed genomes of the human mitochondrial
enome are determined. These 23 bijectively transformed genomes
re tested for nucleotide alignments in GenBank’s ESTs database
January 2013) by using the Blast software (Altschul et al., 1997)

ith standard default alignment parameters. 101 RNAs with

ery high similarities with regions of the bijectively transformed
uman mitochondrial genome are recorded in tables of Seligmann
2013a,b). 82 RNAs with lengths varying from 32 to 451 nucleotides Ta
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Table 5
Amino acids chirality chiralAA(�(X)) (Eq. (12)) of the C3 self-complementary trinu-
cleotide circular code X = �0(X) and its 23 bijective transformation codes ˘(X).

chiralAA(�(X))

X = �0(X) 6.134
�1(X) 3.984
�2(X) 3.911
�3(X) 4.913
�4(X) 3.391
�5(X) 5.711
�6(X) 2.984
�7(X) 3.130
�8(X) 3.636
�9(X) 3.733
�10(X) 3.221
�11(X) 4.730
�12(X) 3.200
�13(X) 3.904
�14(X) 4.042
�15(X) 3.437
�16(X) 3.923
�17(X) 3.415
�18(X) 4.270
�19(X) 3.127
�20(X) 4.157
�21(X) 3.984
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Fig. 1. Number of RNAs (logarithmic scale with number of RNAs plus one) in Gen-
Bank’s EST database (January 2013) aligning with the bijectively transformed human
mitochondrial genome as a function of the Reading Frame Retrieval (RFR) probabil-
ity  PrRFR(�(X)) (%) (Eq. (7) and Table 1) of the C3 self-complementary trinucleotide
circular code X = �0(X) and its 23 bijective transformation codes ˘(X) = {�1(X), . . .,
�23(X)}. The circular code X with a RFR probability PrRFR(X) = 1 (Eq. (8)) has the high-
�22(X) 3.645
�23(X) 2.430

nvolve seven symmetric bijective transformation codes: 2 for �2,
4 for �3, 2 for �4, 24 for �5, 8 for �6, 1 for �7 and 11 for �9. 19
NAs with lengths varying from 68 to 513 nucleotides involve four
symmetric bijective transformation codes: 3 for �16, 1 for �18,
1 for �20 and 4 for �22. For the regular transcription associated
o the C3 self-complementary trinucleotide circular code X, 10,904
NAs are detected, not by alignment, but according to the number
f RNAs from Homo sapiens in GenBank with a mitochondrial origin
ndicated in their annotation.

. Results

.1. Properties of the 23 bijective transformation codes ˘(X) of
he C3 self-complementary trinucleotide circular code X

Obvious from a combinatorial point of view but important from
 biological point of view, and also not mentioned previously, we
ive two propositions which relate the 23 bijective transformation
odes ˘(X) of X to the circular code property.

roposition 1. The 23 bijective transformation codes ˘(X) of X are
3 trinucleotide circular codes.

roof. By letter invariance, ˘(X) belongs to the set of the
21,328 C3 trinucleotide circular codes (Michel, unpublished) or
y Proposition 3 in Michel and Pirillo (2010) or by Theorem 1 in
immel et al. (2014).

roposition 2. The seven bijective transformation codes
C(X) = {�3(X), �4(X), �7(X), �8(X), �9(X), �19(X), �21(X)} are

3 self-complementary trinucleotide circular codes.

roof. By letter invariance for the complementarity map  C,
C(X) belongs to the set of the 216 C3 self-complementary trin-

cleotide circular codes identified in Arquès and Michel (1996) or
y Proposition 3 in Michel and Pirillo (2010) or by Theorem 2 in
immel et al. (2014).
roposition 3. The bijective transformation code �7(X) has no trin-
cleotide x ∈ X and a RFR probability PrRFR(�7(X)) = 0.

roof. By inspection of Table 1.
est  number of RNAs (upper right corner). The juxtaposed datapoints of coordinates
(29,1) correspond to �1, �10, �11, �12 and �17.

Proposition 4. The bijective transformation code �3(X) has the
maximum number (14) of trinucleotides x ∈ X and the highest RFR
probability PrRFR(�3(X)) = 0.702.

Proof. By inspection of Table 1.

3.2. Number of RNAs aligning the bijectively transformed human
mitochondrial genome and Reading Frame Retrieval (RFR)
probability of X and ˘(X)

The 23 bijective transformation codes ˘(X) of the C3

self-complementary trinucleotide circular code X have 460 trin-
ucleotides, 180 trinucleotides for the nine symmetric bijective
transformation codes ˘S(X), and 280 trinucleotides for the 14
asymmetric bijective transformation codes ˘A(X). The nine sym-
metric codes ˘S(X) have 70 trinucleotides belonging to X, i.e. 38.9%,
and the 14 asymmetric codes ˘A(X) have 82 trinucleotides belong-
ing to X, i.e. 29.3% (Table 1). This percentage difference between
symmetric and asymmetric bijective transformation codes is statis-
tically significant (p = 0.034 with Fisher’s exact test). In agreement
with this theoretical observation, the number of RNAs (82, Section
2.6) from the GenBank’s EST database involving symmetric bijec-
tive transformation codes is greater than the number of RNAs (19,
Section 2.6) involving asymmetric bijective transformation codes.

Fig. 1 shows that the number of RNAs in GenBank’s EST database
(January 2013) aligning with the bijectively transformed human
mitochondrial genome increases with the Reading Frame Retrieval
RFR probability PrRFR(�(X)) (Eq. (7) and Table 1) of the 23 bijective
transformation codes ˘(X) of X: r = 0.70 with p = 0.0002 and rs = 0.42
with p = 0.048 (bilateral tests).

If X = �0(X) is also considered with the 23 codes ˘(X), the

statistical significance of the previous result obviously increases
strongly: r = 0.81 with p = 0.000002 and rs = 0.49 with p = 0.019
(bilateral tests).
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Fig. 3. Number of RNAs (logarithmic scale with number of RNAs plus one) in Gen-
Bank’s EST database (January 2013) aligning with the bijectively transformed human
mitochondrial genome as a function of the number NbAAStop(�(X)) (Table 4) of
olymerization rate pol(�(X)) (Eqs. (9) and (10), and Table 2). The circular code X
ith a RFR probability PrRFR(X) = 1 (Eq. (8)) has the lowest polymerization rate.

Furthermore, the previous correlation is also observed with
ome partitions of the 23 bijective transformation codes ˘(X):

(i) the nine symmetric codes ˘S(X): r = 0.69 with p = 0.041 and
rs = 0.58 with p = 0.103 (bilateral tests; note that �7(X) has no
statistical contribution according to Proposition 3);

(ii) the seven self-complementary codes ˘C(X): r = 0.83 with
p = 0.020 and rs = 0.50 with p = 0.220 (bilateral tests; with the
same remark for �7(X) as before);

iii) the 16 non self-complementary codes ˘C(X): r = 0.58 with
p = 0.019 and rs = 0.27 with p = 0.290 (bilateral tests).

The previous result is not found with the 14 asymmetric codes
A(X): r = 0.29 with p = 0.310 and rs = 0.23 with p = 0.400 (bilateral

ests).
Note that with these tests, the Spearman rank correlation coef-

cient rs gives higher p values compared to the Pearson product
oment correlation coefficient r.

.3. Polymerization rate and reading frame retrieval (RFR)
robability of X and ˘(X)

Fig. 2 shows that the RFR probability PrRFR(�(X)) (%) (Eq. (7)
nd Table 1) of the C3 self-complementary trinucleotide circular
ode X and its 23 bijective transformation codes ˘(X) is inversely
roportional to their polymerization rate pol(�(X)) (Eqs. (9) and
10), and Table 2): r = −0.81 with p = 1.9 × 10−6 and rs = −0.55 with

 = 0.0088 (bilateral tests). The circular code X with a RFR probabil-
ty PrRFR(X) = 1 (Eq. (8)) has the lowest polymerization rate.

.4. Amino acids coded by X and ˘(X)
The C3 self-complementary trinucleotide circular code X codes
or NbAA(X) = 12 amino acids (Arquès and Michel (1996) and Table 4
herein). No stop codon {TAA, TAG, TGA} is coded by X. The 23
amino acids plus stop codons which are coded by the 23 bijective transformation
codes ˘(X) = {�1(X), . . .,  �23(X)} of X (X not included).

bijective transformation codes ˘(X) code from NbAA(�(X)) = 9
amino acids (�8(X), �12(X), �23(X)) to NbAA(�(X)) = 13 amino acids
(�3(X), �6(X), �11(X), �13(X), �15(X), �16(X), �17(X), �20(X), �22(X))
(Table 4). If the class of stop codons is also considered as a cod-
ing signal (plus one if at least one stop codon is also coded by �(X)),
then the 23 codes ˘(X) code from NbAAStop(�(X)) = 10 amino acids
plus stop codons (�8(X), �12(X), �23(X) to NbAAStop(�(X)) = 14
amino acids plus stop codons (�3(X), �6(X), �11(X), �13(X), �16(X))
(Table 4).

Fig. 3 suggests that the number of RNAs in GenBank’s EST
database (January 2013) aligning with the bijectively trans-
formed human mitochondrial genome increases with the number
NbAAStop(�(X)) (Table 4) of amino acids plus stop codons which
are coded by the 23 bijective transformation codes ˘(X) (X being
not considered): r = 0.41 with p = 0.052 and rs = 0.46 with p = 0.032
(bilateral tests). The statistical significances in this biological obser-
vation are not strong. In most statistical tests presented here,
as with Fig. 3, a given direction is predictable according to bio-
logical rationales. For example, a positive correlation is expected
between the numbers of RNAs following a bijective transforma-
tion of X and the numbers of genetic code signals coded by that
bijective transformation of X. Hence, with unilateral tests, paramet-
ric and non-parametric statistical significances are p = 0.026 and
p = 0.016, respectively, indicating a significant statistical associa-
tion.

3.5. Amino acid chirality of X and ˘(X)

Fig. 4 shows that the RFR probability PrRFR(�(X)) (%) (Eq. (7) and
Table 1) of the C3 self-complementary trinucleotide circular code X
and its 23 bijective transformation codes ˘(X) increases with their
amino acid chirality chiralAA(�(X)) (Eq. (12) and Table 5): r = 0.77
with p = 0.000009 and rs = 0.58 with p = 0.0054 (bilateral tests). The
circular code X with a RFR probability PrRFR(X) = 1 (Eq. (8)) has the

most L-oriented amino acids.

Fig. 5 indicates that the polymerization rate pol(�(X)) (Eqs. (9)
and (10), and Table 2) of the C3 self-complementary trinucleotide
circular code X and its 23 bijective transformation codes ˘(X)
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Fig. 4. Reading Frame Retrieval (RFR) probability PrRFR(�(X)) (%) (Eq. (7) and
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3  bijective transformation codes ˘(X) = {�1(X), . . .,  �23(X)} as a function of their
mino acid chirality chiralAA(�(X)) (Eq. (12) and Table 5). The circular code X with

 RFR probability PrRFR(X) = 1 (Eq. (8)) has the most L-oriented amino acids.

ecreases with their amino acid chirality chiralAA(�(X)) (Eq. (12)
nd Table 5): r = −0.72 with p = 0.00008 and rs = −0.42 with p = 0.040
bilateral tests). The circular code X with the lowest polymerization

ate has the most L-oriented amino acids.

Fig. 6 suggests that the number of RNAs in GenBank’s
ST database aligning with the bijectively transformed human
itochondrial genome increases with the amino acid chirality
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ig. 5. Polymerization rate pol(�(X)) (Eqs. (9) and (10), and Table 2) of the C3

elf-complementary trinucleotide circular code X = �0(X) and its 23 bijective trans-
ormation codes ˘(X) = {�1(X), . . .,  �23(X)} as a function of their amino acid chirality
hiralAA(�(X)) (Eq. (12) and Table 5). The circular code X with the lowest polymer-
zation rate has the most L-oriented amino acids.
and its 23 bijective transformation codes ˘(X) = {�1(X), . . ., �23(X)}. The circular
code X with the highest number of RNAs has the most L-oriented amino acids.

chiralAA(�(X)) (Eq. (12) and Table 5) of the C3 self-complementary
trinucleotide circular code X and its 23 bijective transformation
codes ˘(X): r = 0.70 with p = 0.0001 and rs = 0.45 with p = 0.032
(bilateral tests). The circular code X with the highest number of
RNAs has the most L-oriented amino acids.

4. Discussion

The circular code X enables to retrieve and maintain the reading
frames of genes (Arquès and Michel, 1996; Gonzalez et al., 2011). It
is not known whether this mathematical property is actually used
by the cell’s translational apparatus. However, the identification of
regions with X circular code motifs (stretches of trinucleotides of
X) in 16S ribosomal and transfer RNAs which are in direct contact
with messenger RNAs (reading frames of genes), suggests a possible
translation (framing) code in genes based on circular code (Michel,
2012). Furthermore, the identification of X circular code motifs
and a gene circular code property in transfer RNAs of prokary-
otes and eukaryotes strengthens the previous concept (Michel,
2013).

On the other hand, in mitochondria, some RNAs correspond to
DNA sequences when RNA transcription systematically exchanges
between nucleotides (Seligmann, 2012, 2013a,b,c). Furthermore,
these RNAs are produced by different types of nucleotide exchanges
and at different frequencies (Seligmann, 2013a,b). This observa-
tion suggests that the C3 self-complementary trinucleotide circular
code X which is associated with the regular RNA transcription, may
use its bijective transformation codes ˘(X) for coding nucleotide
exchanging RNA transcription.

The 23 bijective transformation codes ˘(X) of X are C3 trin-
ucleotide circular codes, i.e. with the property of reading frame

retrieval and maintenance, and furthermore, seven of them are in
addition self-complementary (Propositions 1 and 2).

The Reading Frame Retrieval (RFR) probability (Eq. (4)) of
bijective transformation codes ˘(X) is measured as function of
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rinucleotides of X which occur (“conserved”) in ˘(X). Indeed, we
ssume that the process of reading frame retrieval by the ribo-
ome remains unchanged and follows the “mathematical property”
f the circular code X, and not one of its bijective transforma-
ion codes ˘(X). This assumption also implies that the genetic
ode map  remains unchanged, i.e. codons after bijective transfor-
ation code for amino acids according to the genetic code. An

lternative hypothesis which we believe too complex to coexist
ith regular transcription and which was not considered here,
ould be that codons after bijective transformation code for the

ame amino acid as before bijective transformation. In other words,
e believe that the bijective transformation codes ˘(X) do not

hange the genetic code map, but they only alter the RNA pro-
uced. According to this assumption, the bijective transformation
odes ˘(X) have different probabilities of reading frame retrieval
RFR), ranging from 70.2% for �3(X) to 0 for �7(X) (Table 1).
hese RFR probabilities of ˘(X) depend on two factors: the num-
er of trinucleotides of X in ˘(X) and their RFR probabilities
Table 1). In general, the less trinucleotides of X remain in ˘(X),
he lower its RFR probability. From a biological point of view,
ccording to the previous assumption that the genetic code map
oes not change the amino acid-codon assignments in the bijec-
ive transformation codes ˘(X), the ribosome will only slowly
dapt to the alterations in the punctuation of the circular code
.

Several notable correlations exist between the RFR probability
f bijective transformation codes ˘(X) and the different biological
roperties of ˘(X) related to their numbers of RNAs in GenBank’s
ST database (January 2013) aligning with the bijectively trans-
ormed human mitochondrial genome, their polymerization rate,
heir number of amino acids and their amino acid chirality. The
FR probability of bijective transformation codes ˘(X) correlates:
i) positively with the RNA numbers in GenBank’s EST database
Fig. 1); (ii) negatively with the polymerization rates (Fig. 2); and
iii) positively with the amino acid chirality (Fig. 4). The RNA num-
ers in GenBank’s EST database correlates: (i) positively with the
umbers of amino acids (Fig. 3); and (ii) positively with the amino
cid chirality (Fig. 6). The polymerization rate correlates negatively
ith the amino acid chirality (Fig. 5).

These results suggest that the polymerase system may  prefer-
ntially use the bijective transformation codes ˘(X) coding for a
arge number of amino acids and with preferential L-selectivity.
owever, correlations are stronger with chirality (preferential
-selectivity with r = 0.70 in Fig. 6) than with coding diversity (num-
er of amino acids with r = 0.41 in Fig. 3). Hence, the function of the
ircular code X and its bijective transformation codes ˘(X) with
he structure of the genetic code and the transcription system that
olymerizes RNA, may  be more related to chirality of amino acids
han to the coding diversity of X. Therefore, the circular code X and
ts bijective transformation codes ˘(X) probably occurred at the
arliest stages of evolution of life’s chemistry, when amino acids
ere selected according to the chiral stereophysical selectivity of

heir interactions with RNA.
The bijective transformation codes ˘(X) corresponding to fre-

uent nucleotide exchanging polymerizations, have codons with a
igh probability of Reading Frame Retrieval (Fig. 1) and also codons
oding for numerous translational signals (amino acids and stop
odons) (Fig. 3).

The circular code X and its bijective transformation codes ˘(X)
oevolved with the process that selected L-rotated amino acids.
hiral selectivity for L-enantiomers (Han et al., 2010) decreases
ith the order of inclusion of amino acids in the genetic code
Trifonov, 2000), suggesting that the codes X and ˘(X) evolved
hen the first amino acids were assigned to codons.

Symmetric bijective transformation codes ˘S(X) are more pref-
rentially used compared to asymmetric bijective transformation
stems 118 (2014) 39–50 49

codes ˘A(X), from a theoretical point of view with the RFR proba-
bility (see the results obtained with the different partitions of ˘(X)
in Section 3.2) and from the observed numbers of RNAs in Gen-
Bank’s EST database (82 RNAs for ˘S(X) and 19 RNAs for ˘A(X),
Section 2.6).

In summary, a theoretical study of the C3 self-complementary
trinucleotide circular code X and its 23 bijective transformation
codes ˘(X) based on the probability of Reading Frame Retrieval,
the polymerization rate and the amino acid chirality, is devel-
oped here. It is applied to analyze the nucleotide exchanging RNA
transcription in human mitochondria. The obtained results sug-
gest that the circular code X with the functions of reading frame
retrieval and maintenance in regular RNA transcription, may  also
have, through its bijective transformation codes ˘(X), the same
functions in nucleotide exchanging RNA transcription.
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