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Abstract

A statistical analysis with 12 288 autocorrelation functions applied in protein (coding) genes of prokaryotes and
eukaryotes identifies three subsets of trinucleotides in their three frames: T0=X0@{AAA, TTT} with X0={AAC,
AAT, ACC, ATC, ATT, CAG, CTC, CTG, GAA, GAC, GAG, GAT, GCC, GGC, GGT, GTA, GTC, GTT, TAC,
TTC} in frame 0 (the reading frame established by the ATG start trinucleotide), T1=X1@{CCC} in frame 1 and
T2=X2@{GGG} in frame 2 (the frames 1 and 2 being the frame 0 shifted by one and two nucleotides, respectively,
to the right). These three subsets are identical in these two gene populations and have five important properties: (i)
the property of maximal (20 trinucleotides) circular code for X0 (resp. X1, X2) allowing to retrieve automatically the
frame 0 (resp. 1, 2) in any region of the gene without start codon; (ii) the DNA complementarity property C (e.g.
C(AAC)=GTT): C(T0)=T0, C(T1)=T2 and C(T2)=T1 allowing the two paired reading frames of a DNA double
helix simultaneously to code for amino acids; (iii) the circular permutation property P (e.g. P(AAC)=ACA):
P(X0)=X1 and P(X1)=X2 implying that the two subsets X1 and X2 can be deduced from X0; (iv) the rarity property
with an occurrence probability of X0=6×10−8; and (v) the concatenation properties in favour of an evolutionary
code: a high frequency (27.5%) of misplaced trinucleotides in the shifted frames, a maximum (13 nucleotides) length
of the minimal window to retrieve automatically the frame and an occurrence of the four types of nucleotides in the
three trinucleotide sites. In Discussion, a simulation based on an independent mixing of the trinucleotides of T0 allows
to retrieve the two subsets T1 and T2. Then, the identified subsets T0, T1 and T2 replaced in the 2-letter genetic
alphabet {R, Y} (R=purine=A or G, Y=pyrimidine=C or T) allow to retrieve the RNY model (N=R or Y) and
to explain previous works in the alphabet {R, Y}. Then, these three subsets are related to the genetic code. The
trinucleotides of T0 code for 13 amino acids: Ala, Asn, Asp, Gln, Glu, Gly, Ile, Leu, Lys, Phe, Thr, Tyr and Val.
Finally, a strong correlation between the usage of the trinucleotides of T0 in protein genes and the amino acid
frequencies in proteins is observed as six among seven amino acids not coded by T0, have as expected the lowest
frequencies in proteins of both prokaryotes and eukaryotes. © 1997 Elsevier Science Ireland Ltd.
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1. Introduction

The concept of code without comma introduced
by Crick et al. (1957) is a code readable in only
one frame and without a start signal. Such a
theoretical code ‘without comma’ is a set X of
codons so that their concatenation (series of
codons) leads to genes which have the interesting
property to retrieve automatically the concatena-
tion of codons of X without the usage of a start
codon in the case of the trace of this initial
concatenation is lost (the ‘commas’ dividing the
series of nucleotides into groups of three for
constituting the codons in the initial concatena-
tion). Such a code was proposed in order to
explain how the reading of a series of nucleotides
in the protein (coding) genes could code for the
amino acids constituting the proteins. The two
problems stressed were: why are there more
codons than amino acids and how to choose the
reading frame? For example, a series of nucle-
otides …AGTCCGTACGA… can be read in
three frames: …AGT, CCG, TAC, GA…, …A,
GTC, CGT, ACG, A… and …AG, TCC, GTA,
CGA, … Crick et al. (1957) have then proposed
that only 20 among 64 codons, code for the 20
amino acids. However, the determination of a set
of 20 codons forming a code X without commas
depends on a great number of constraints. For
example, the four codons with identical nucle-
otides AAA, CCC, GGG and TTT must be ex-
cluded from such a code. Indeed, the
concatenation of AAA, for example, with itself
does not allow to retrieve the frame: …AAA,
AAA, AAA, …, …A, AAA, AAA, AA… and
…AA, AAA, AAA, A… Similarly, two codons
related to circular permutation, e.g. AAC and
ACA (or CAA), cannot belong at the same time
to such a code. Indeed, the concatenation of
AAC, for example, with itself leads to the con-
catenation of ACA (or CAA) with itself in an-
other frame, making the frame determination
impossible. Therefore, by excluding AAA, CCC,
GGG and TTT and by gathering the 60 re-

maining codons in 20 classes of three codons so
that, in each class, the three codons are deduced
from each other by circular permutations, e.g.
AAC, ACA and CAA, a code without commas
has only one codon per class and therefore con-
tains at most 20 codons. This codon number is
identical to the amino acid number. This remark
has naturally led to propose a code without com-
mas assigning one codon per amino acid (Crick et
al., 1957).

In contrast, Dounce (1952) has earlier proposed
an evolutionary code associating several codons
per amino acid. Such a flexibility can explain the
variations in G+C composition observed in the
actual protein genes (Jukes and Bhushan, 1986).

The two discoveries that the codon TTT, an
‘excluded’ codon in the concept of code without
commas, codes for phenylalanine (Nirenberg and
Matthaei, 1961) and that the protein genes are
placed in the reading frame with a particular
codon, namely the start codon ATG, have led to
give up the concept of code without commas in
the alphabet {A, C, G, T}. For several biological
reasons, in particular the interaction between
mRNA and tRNA, the concept of code without
commas is resumed later in the alphabet {R, Y}
(R=purine=A or G, Y=pyrimidine=C or T)
with two codon models for the primitive protein
genes: RRY (Crick et al., 1976) and RNY (N=R
or Y) (Eigen and Schuster, 1978).

In order to understand the circular code iden-
tified here in protein genes of prokaryotes and
eukaryotes in the alphabet {A, C, G, T}, the
concept of circular code is introduced in the al-
phabet {R, Y} with the RNY codon model (Eigen
and Schuster, 1978). If a sequence, e.g. a protein
gene, is constructed by concatenating trinucle-
otides of the type RNY, i.e. RRY and RYY
forming the frame 0 (reading frame), and if the
frame of construction is lost, e.g. situation ob-
served when a region of a protein gene without a
start codon is sequenced, then the property of
code assures that the constructed sequence can be
decomposed into a series of RNY trinucleotides
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according to a unique way. This unique decompo-
sition, and therefore the frame 0, can be retrieved
using a window of nucleotides with a minimal
length depending on RNY. In the actual protein
genes, the frame 0 is determined by the start
codon. The notion of circular added to the con-
cept of code concerns the limit case with se-
quences of infinite length, i.e. without a beginning
and an end.

RNY is a circular code. Indeed, the concatena-
tion of two trinucleotides of RNY,
…RRYRRY…, …RRYRYY…, …RYYRRY…
and …RYYRYY… leads to only one decomposi-
tion over RNY. This because the eventual decom-
position in frame 1 has always an R in the 3rd
position but no trinucleotide of RNY ends with R
and as the eventual decomposition in frame 2 has
always an Y in the first position but no trinucle-
otide of RNY begins with Y. The RNY codon
model leads to a protein gene formed by a series
RNYRNY… of nucleotides so that there is one
type of trinucleotide RNY in frame 0 (reading
frame), one type of trinucleotide NYR in frame 1
and one type of trinucleotide YRN in frame 2
(frames 1 and 2 being the frame 0 shifted by one
and two nucleotides, respectively, in the 5%–3%
direction). RNY is self-complementary and, NYR
and YRN are complementary to each other. This
property allows the two paired reading frames to
simultaneously code for amino acids according to
a purine/pyrimidine genetic code. Furthermore,
NYR (resp. YRN) is obtained by one (resp. 2)
circular permutation of RNY. This property al-
lows NYR and YRN to be deduced from RNY.
Finally, the length of the minimal window to
automatically retrieve the frame 0 in a series
RNYRNY… is obviously equal to three nucle-
otides. Indeed, two nucleotides are insufficient as
RY is both in frame 1 of RRY (RNY with
N=R) and in frame 0 of RYY (RNY with
N=Y). This property allows to automatically
retrieve the reading frame in any region of the
gene (formed by a series of RNY codons) without
a start codon.

Recently, the 64 autocorrelation functions ana-
lyzing in the protein genes of prokaryotes and
eukaryotes, the occurrence probability of two
trinucleotides obtained by specifying YRY on {A,

C, G, T} (YRY leads to eight specified trinucle-
otides {CAC, CAT, …, TGT}) and separated by
any i bases N (N=A or C or G or T), have
allowed to retrieve the classical periodicity 0 mod-
ulo 3 (maximal values of the function at i=0, 3,
6, etc.) and unexpectedly, to identify shifted mod-
ulo 3 periodicities: 1 modulo 3 (maximal values of
the function at i=1, 4, 7, etc.) and 2 modulo 3
(maximal values of the function at i=2, 5, 8, etc.)
(Arquès et al., 1995). This result means that these
eight trinucleotides are associated with the three
frames of protein genes, some trinucleotides with
the reading frame, and others with the reading
frame shifted by one or two nucleotides in the
5%–3% direction. However, as the definition used is
based on the average of the three frames 0, 1 and
2, it is impossible to associate a particular frame
with a given trinucleotide.

In order to extend this result to the 64 trinucle-
otides {AAA, …, TTT} and to identify subsets of
trinucleotides having a preferential occurrence
frame, the previous approach is generalized here
to the 12 288 autocorrelation functions analyzing
the probability that a trinucleotide in any frame
occurs any i bases N after a trinucleotide in a
given frame of the protein genes. This statistical
analysis identifies three subsets of trinucleotides
per frame in protein genes of both prokaryotes
and eukaryotes which have five important proper-
ties: maximal circular code, DNA complementar-
ity, circular permutation, rarity and
concatenation. Therefore, the code identified here
in protein genes of prokaryotes and eukaryotes in
the alphabet {A, C, G, T} retrieves the properties
both of the code RNY in the reduced alphabet
{R, Y} (Eigen and Schuster, 1978) and of the
evolutionary code (Dounce, 1952).

2. Method

2.1. Definition of the autocorrelation function in
frame

This definition generalizes the autocorrelation
function definition in the alphabet {R, Y} and
without considering the frame (Arquès and
Michel, 1987) to the alphabet B={A, C, G, T}
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and in frame. For a gene population F, two
trinucleotides w and w% and a frame p, the ‘auto-
correlation function in frame’ noted wp(N)iw% is
defined as the function of i giving the occurrence
probability in the gene population F that the
trinucleotide w% in any frame occurs any i bases N
after the trinucleotide w read in frame p.

More precisely, let F be a gene population
(language) with n(F) protein (coding) genes
(words). Let s be a protein gene in F of length l(s).
Let w be a trinucleotide (word of three letters) on
B, w�T={AAA, …, TTT} (64 trinucleotides). A
trinucleotide w read in frame p in a protein gene
is noted wp, p�{0, 1, 2} (64×3=192 trinucle-
otides in the three frames). Let the i-motif mp

i =
wp(N)iw% be two trinucleotides wp in frame p and
w% in any frame separated by any i bases N, with
w, w%�T, p�{0, 1, 2}, i� [0, 99] and N=A, C, G
or T, i.e. mp

i �{AAAp(N)iAAA, …,
TTTp(N)iTTT} (642×3=12 288 i-motifs). For
each protein gene s of F, the counter cp

i (s) counts
the occurrences of mp

i in s. The occurrence proba-
bility op

i (s) of mp
i in s, is then equal to the ratio of

the counter by the total number t(s) of trinucle-
otides read in frame p, op

i (s)=cp
i (s)/t(s) with

t(s)= (l(s)−104)/3 (104=99+2×3−1). The
occurrence probability Ap

w,w’(i, F) of the i-motif
mp

i in a gene population F, is Ap
w,w% (i, F)= [1/

n(F)]×�s�F op
i .

For a gene population F, the autocorrelation
function wp(N)iw% is then the function i�
Ap

w,w%(i,F) giving the occurrence probability that
w% in any frame occurs any i bases N after wp in
frame p and is represented as a curve as follows:
(i) the abscissa shows the number i of bases N
between wp and w%, by varying i between 0 and 99
(for clarity reasons, figures are given with a lesser
number of points); (ii) the ordinate gives the
occurrence probability of wp(N)iw% in a gene pop-
ulation F.

2.2. Data acquisition

The two gene populations F analyzed here with
the 12 288 autocorrelation functions are the
protein genes of prokaryotes F=CPRO (13 686
sequences, 14 167 kb) and (nuclear) eukaryotes
F=CEUK (26 757 sequences, 34 227 kb). The

sequences with a minimal length of 200 bases are
obtained from the release 39 of the EMBL Nucle-
otide Sequence Data Library in the same way as
described in previous papers (Arquès and Michel,
1990a,b for a description of data acquisition).
These large populations allow to obtain signifi-
cant statistical results.

3. Results

3.1. Identification of shifted periodicities in
protein genes

The 12 288 autocorrelation functions applied in
the protein genes of prokaryotes and eukaryotes
are non-random. Indeed, almost all autocorrela-
tion functions have a modulo 3 periodicity among
the three following types:

(i) Type 0: a periodicity 0 modulo 3 (maximal
values of the function at i=0, 3, 6, etc.), three
examples are given in Fig. 1(a)–(c) with F=
CPRO;

(ii) Type 1: a periodicity 1 modulo 3 (maximal
values of the function at i=1, 4, 7, etc.), three
examples are given in Fig. 1(d)–(f) with F=
CPRO;

(iii) Type 2: a periodicity 2 modulo 3 (maximal
values of the function at i=2, 5, 8, etc.), three
examples are given in Fig. 1(g)–(i) with F=
CPRO.

The identification of shifted periodicities (types
1 and 2) in protein genes is new.

The method to classify the autocorrelation
function wp(N)iw%, w, w% in T and p in {0, 1, 2},
consists in determining the number of points of
each modulo 3 type which are greater than their
two adjacent points. The maximal number is 33
points for a curve with 100 points (i� [0, 99]). If
the number of points for the type p is \22
(corresponding to a statistical level of significance
B10−4), then the autocorrelation function is said
to be classifiable according to this type p. With
the statistical level chosen, an autocorrelation
function can only be classifiable in one type. A
few autocorrelation functions cannot be clas-
sifiable, in particular an autocorrelation function
with an i-motif containing a stop trinucleotide is
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Fig. 1. (a) Periodicity 0 modulo 3 in frame 0 of the prokaryotic protein coding genes. The horizontal axis represents the number i,
i� [0, 30], of any bases N between CGC0 in frame 0 and GTC in any frame. The vertical axis represents the autocorrelation function
CGC0(N)iGTC; (b) periodicity 0 modulo 3 in frame 1 of the prokaryotic protein coding genes. The horizontal axis represents the
number i, i� [0, 30], of any bases N between ATC1 in frame 1 and TCG in any frame. The vertical axis represents the autocorrelation
function ATC1(N)iTCG; (c) periodicity 0 modulo 3 in frame 2 of the prokaryotic protein coding genes. The horizontal axis
represents the number i, i� [0, 30], of any bases N between CCC2 in frame 2 and CGT in any frame. The vertical axis represents the
autocorrelation function CCC2(N)iCGT; (d) periodicity 1 modulo 3 in frame 0 of the prokaryotic protein coding genes. The
horizontal axis represents the number i, i� [0, 30], of any bases N between ATC0 in frame 0 and TCG in any frame. The vertical
axis represents the autocorrelation function ATC0(N)iTCG; (e) periodicity 1 modulo 3 in frame 1 of the prokaryotic protein coding
genes. The horizontal axis represents the number i, i� [0, 30], of any bases N between CCC1 in frame 1 and CGT in any frame. The
vertical axis represents the autocorrelation function CCC1(N)iCGT; (f) periodicity 1 modulo 3 in frame 2 of the prokaryotic protein
coding genes. The horizontal axis represents the number i, i� [0, 30], of any bases N between CGC2 in frame 2 and GTC in any
frame. The vertical axis represents the autocorrelation function CGC2(N)iGTC; (g) periodicity 2 modulo 3 in frame 0 of the
prokaryotic protein coding genes. The horizontal axis represents the number i, i� [0, 30], of any bases N between CCC0 in frame 0
and CGT in any frame. The vertical axis represents the autocorrelation function CCC0(N)iCGT; (h) periodicity 2 modulo 3 in frame
1 of the prokaryotic protein coding genes. The horizontal axis represents the number i, i� [0, 30], of any bases N between CGC1 in
frame 1 and GTC in any frame. The vertical axis represents the autocorrelation function CGC1(N)iGTC; (i) periodicity 2 modulo
3 in frame 2 of the prokaryotic protein coding genes. The horizontal axis represents the number i, i� [0, 30], of any bases N between
ATC2 in frame 2 and TCG in any frame. The vertical axis represents the autocorrelation function ATC2(N)iTCG.
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Fig. 1. (Continued)

equal to 0 (TAA, TAG or TGA do not occur in
frame 0).

These three types of periodicities exist whatever
the frame p of the trinucleotide wp. With the
examples given previously, the periodicity 0 mod-
ulo 3 can be observed in frame 0 (e.g. the autocor-
relation function CGC0(N)iGTC: Fig. 1(a)), in
frame 1 (e.g. the autocorrelation function
ATC1(N)iTCG: Fig. 1(b)) and in frame 2 (e.g. the
autocorrelation function CCC2(N)iCGT: Fig.
1(c)). Similarly, the periodicity 1 (resp. 2) modulo
3 can be observed in frame 0 (e.g. resp. the
autocorrelation functions ATC0(N)iTCG: Fig.

1(d) and CCC0(N)iCGT: Fig. 1(g)), in frame 1
(e.g. resp. the autocorrelation functions
CCC1(N)iCGT: Fig. 1(e) and CGC1(N)iGTC: Fig.
1(h)) and in frame 2 (e.g. resp. the autocorrelation
functions CGC2(N)iGTC: Fig. 1(f) and
ATC2(N)iTCG: Fig. 1(i)).

If the autocorrelation function wp(N)iw%, w, w%
in T and p in {0, 1, 2}, has a periodicity j modulo
3 then the trinucleotide w% preferentially occurs in
frame q(w, p)=p+ j modulo 3 after w in frame p.
Table 1 illustrates this remark with the previous
examples (Fig. 1(a)–(i)). Table 1 also serves to
introduce the next section by showing with these



D.G. Arquès, C.J. Michel / BioSystems 44 (1997) 107–134 113

Table 1
Frame q=p+j of w% deduced from the frame p of w and the type of modulo 3 periodicity identified with the autocorrelation
functions wp(N)iw% given in Fig. 1(a)–(i)

w% in frame q=p+j modulo 3Periodicity j=0 Periodicity j=2Periodicity j=1Autocorrelation function
modulo 3wp(N)iw% modulo 3 modulo 3

TCG in frame p+j=0+1=1Fig. 1(d)ATCp=0(N)iTCG
modulo 3
TCG in frame p+j=1+0=1ATCp=1(N)iTCG Fig. 1(b)
modulo 3

Fig. 1(i)ATCp=2(N)iTCG TCG in frame p+j=2+2=1
modulo 3
CGT in frame p+j=0+2=2Fig. 1(g)CCCp=0(N)iCGT
modulo 3
CGT in frame p+j=1+1=2CCCp=1(N)iCGT Fig. 1(e)
modulo 3

CCCp=2(N)iCGT Fig. 1(c) CGT in frame p+j=2+0=2
modulo 3
GTC in frame p+j=0+0=0Fig. 1(a)CGCp=0(N)iGTC
modulo 3

Fig. 1(h)CGCp=1(N)iGTC GTC in frame p+j=1+2=0
modulo 3

Fig. 1(f) GTC in frame p+j=2+1=0CGCp=2(N)iGTC
modulo 3

examples that the three trinucleotides w%=CGT,
GTC and TCG have a constant preferential oc-
currence frame 2, 0 and 1, respectively, indepen-
dent both of the three trinucleotides w=ATC,
CCC and CGC and their frame p.

3.2. Preferential occurrence frame of a
trinucleotide

Property 1: for each trinucleotide w% in T (with
a few exceptions given below), the autocorrelation
functions wp(N)iw% obtained by varying w in T
and p in {0, 1, 2}, have a periodicity j modulo 3
implying a constant preferential occurrence frame
q(w, p) in {0, 1, 2} (=p+ j modulo 3) for w%
independent of w and p.

For a trinucleotide w%, the classifiable autocor-
relation function wp(N)iw% implies a frame q for
w%. A maximum of 64×3=192 autocorrelation
functions are classifiable. As the three stop trinu-
cleotides do not occur in frame 0, only 192−3=
189 autocorrelation functions are classifiable in
protein genes. For each trinucleotide w% and for
each frame q in the protein genes of prokaryotes
(resp. eucaryotes), Table 2(a) (resp. Table 2(b))

gives the number of classifiable autocorrelation
functions wp(N)iw% implying the frame q for w%.
Very unexpectedly, these two Table 2(a,b) show
that the trinucleotides w% have a constant preferen-
tial occurrence frame and can easily be classified
in three subsets of trinucleotides according to the
frame (Table 3(a)). The 22 trinucleotides in frame
0 form the subset T0={AAA, AAC, AAT, ACC,
ATC, ATT, CAG, CTC, CTG, GAA, GAC,
GAG, GAT, GCC, GGC, GGT, GTA, GTC,
GTT, TAC, TTC, TTT} and the 21 trinucleotides
in each of the frames 1 and 2, the subsets T1 and
T2, respectively, T=T0@T1@T2 with T1 and T2

defined in Table 3(a). By considering the four
trinucleotides with identical nucleotides, three
subsets X0, X1 and X2 of 20 trinucleotides can be
defined from T0, T1 and T2: X0=T0−{AAA,
TTT}, X1=T1−{CCC} and X2=T2−{GGG}.
The same three subsets T0, T1 and T2 are retrieved
for the two populations. The few trinucleotides,
classified into two frames or misclassified (two for
the prokaryotes and five for the eukaryotes), have
been assigned to the frame according to the prop-
erties identified with the other trinucleotides, both
in prokaryotes and eukaryotes.
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Table 2
For each trinucleotide w% and for each frame q in the prokaryotic protein coding genes (a) and in the eukaryotic protein coding
genes (b) the number of classifiable autocorrelation functions wp(N)iw% implying the frame q for w% is given

Number TotalNumberw% in q=0 w% in q=2Number w% in q=1

(a) Prokaryotic protein coding genes
1890AAAAAA 0189 AAA

3 AAC 5 169AAC 161 AAC
1890AAGAAG 1872 AAG

0 AAT 0AAT 189 189AAT
ACA 0ACA 19 ACA 161 180

0ACC 188ACC 0188 ACC
ACG 0ACG 0 ACG 189 189

17117ACTACT 7975 ACT
29 AGA 154 183AGA 0 AGA

87 186AGCAGC 990 AGC
127 AGG 54AGG 0 181AGG

AGT 129AGT 0 AGT 53 182
0ATA 189ATA 1890 ATA

ATC 0ATC 185 ATC 1 186
1800ATGATG 16317 ATG

0 ATT 0 189ATT 189 ATT
176165CAACAA 47 CAA

4 CAC 183 187CAC 0 CAC
CAG 0CAG 110 CAG 78 188

189CAT 189CAT 00 CAT
CCA 0CCA 5 CCA 179 184

16620CCCCCC 1460 CCC
189 CCG 0 189CCG 0 CCG

177155CCTCCT 022 CCT
CGA 189CGA 0 CGA 1890
CGC 189CGC 0 CGC 0 189

188CGG 188CGG 00 CGG
CGT 178CGT 4 CGT 0 182

18992CTACTA 970 CTA
53 CTC 0 176CTC 123 CTC

1830CTGCTG 42141 CTG
0 CTT 136 166CTT 30 CTT

GAA 0GAA 189 GAA 0 189
0GAC 189GAC 0189 GAC

GAG 0GAG 189 GAG 0 189
18031GATGAT 0149 GAT

37 GCA 39 170GCA 94 GCA
0 189GCCGCC 0189 GCC

81 GCG 0GCG 14059 GCG
GCT 108GCT 74 GCT 0 182

183GGA 187GGA 04 GGA
GGC 4GGC 184 GGC 0 188

186186GGGGGG 00 GGG
0 GGT 88 186GGT 98 GGT

1520GTAGTA 8270 GTA
0 GTC 0GTC 189189 GTC

GTG 0GTG 110 GTG 72 182
70GTT 185GTT 0115 GTT

189189TAA 0 TAA 0 TAA
18688TACTAC 098 TAC

189 TAG 0TAG 1890 TAG
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Table 2 (continued)

Number TotalNumberw% in q=0 w% in q=2Number w% in q=1

TAT 185TAT 1 TAT 0 186
17014TCATCA 1560 TCA

105 TCC 78 183TCC 0 TCC
1890TCGTCG 1890 TCG

51 TCT 80 154TCT 23 TCT
TGA 154TGA 0 TGA 30 184

95TGC 186TGC 910 TGC
TGG 12TGG 0 TGG 170 182

186184TGTTGT 20 TGT
180 TTA 0 182TTA 2 TTA

16 152TTCTTC 16120 TTC
189 TTG 0TTG 1890 TTG

TTT 78TTT 69 TTT 0 147

(b) Eukaryotic protein coding genes
1870AAAAAA 0187 AAA

2 AAC 0 189AAC 187 AAC
1890AAGAAG 6183 AAG

0 189AAT 189 AAT 0 AAT
1890ACAACA 1890 ACA

60 ACC 3 171ACC 108 ACC
0 189ACGACG 1890 ACG

118 ACT 0 186ACT 68 ACT
18677AGAAGA 1090 AGA

166 AGC 19 185AGC 0 AGC
1890AGGAGG 1890 AGG

105 AGT 74 181AGT 2 AGT
ATA 0ATA 0 ATA 189 189

0ATC 189ATC 0189 ATC
ATG 0ATG 0 ATG 189 189

1890ATTATT 0189 ATT
0 CAA 188 189CAA 1 CAA

189187CACCAC 20 CAC
61 CAG 1 186CAG 124 CAG

CAT 189CAT 0 CAT 0 189
0CCA 189CCA 1863 CCA

CCC 55CCC 15 CCC 75 145
1890CCGCCG 1890 CCG

0 CCT 155 182CCT 27 CCT
189 189CGACGA 00 CGA

0 CGC 182CGC 1897 CGC
CGG 188CGG 0 CGG 1 189

189CGT 189CGT 00 CGT
CTA 92CTA 0 CTA 97 189

16039CTCCTC 6061 CTC
94 CTG 0 189CTG 95 CTG

189189CTTCTT 00 CTT
0 GAA 93GAA 18996 GAA

GAC 0GAC 189 GAC 0 189
0GAG 189GAG 0189 GAG

1891GAT 188 GAT 0 GAT
1778GCAGCA 12148 GCA

0 GCC 0GCC 189189 GCC
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Table 2 (continued)

Number w% in q=2 Numberw% in q=0 TotalNumber w% in q=1

189GCG 0GCG 1890 GCG
3 GCT 65 186GCT 118 GCT

189188GGAGGA 01 GGA
0 GGC 67 175GGC 108 GGC

189189GGGGGG 00 GGG
GGT 88GGT 101 GGT 0 189

18753GTAGTA 1304 GTA
0 GTC 0 189GTC 189 GTC

0 189GTGGTG 72117 GTG
GTT 54GTT 131 GTT 0 185

189189TAATAA 00 TAA
TAC 1TAC 188 TAC 0 189
TAG 0TAG 0 TAG 189 189

178TAT 84TAT 094 TAT
189 TCA 0TCA 0 189TCA

17740TCCTCC 1316 TCC
189 TCG 0 189TCG 0 TCG

0 171TCTTCT 10170 TCT
0 TGA 189 189TGA 0 TGA

187140TGCTGC 452 TGC
141 TGG 47 188TGG 0 TGG

189189TGTTGT 00 TGT
0 189TTA 1 TTA 188 TTA

1890TTCTTC 0189 TTC
TTG 0TTG 0 TTG 189189
TTT 73TTT 106 TTT 1790

The last column gives the total number of classifiable autocorrelation functions. The trinucleotides in bold have a preferential
occurrence frame.
(a) The trinucleotides in italics, classified into two frames (CTA, GTA, GTG, TCT, TGC, TTT) or misclassified (B50: GCA, TGG),
have been assigned to the frame according to the properties identified with the other trinucleotides, both in prokaryotes and
eukaryotes.
(b) The trinucleotides in italics, classified into two frames (AGA, AGT, CTA, GCT, GTG, TAT) or misclassified (B50: AAG, GCA,
GTA, TGC, TGG), have been assigned to the frame according to the properties identified with the other trinucleotides, both in
prokaryotes and eukaryotes.

3.3. Complementarity property

Recall of the DNA complementarity rule (Wat-
son and Crick, 1953): (i) the DNA double helix
consists of two nucleotide sequences s1 and s2

connected with the nucleotide pairing (hydrogen
bonds) according to the complementarity rule C:
the nucleotide A (resp. C, G, T) in s1 pairs with
the complementary nucleotide C(A)=T (resp.
C(C)=G, C(G)=C, C(T)=A) in s2; (ii) the two
nucleotide sequences s1 and s2 run in opposite
directions (called antiparallel) in the DNA double
helix: the trinucleotide w= l1l2l3, l1,l2,l3�{A, C, G,

T}, in s1 pairs with the complementary trinucle-
otide C(w)=C(l3)C(l2)C(l1) in s2.

Property 2: C(T0)=T0, C(T1)=T2 and
C(T2)=T1 (Table 3(b)). T0 is self-complementary
(11 trinucleotides of T0 are complementary to 11
other trinucleotides of T0) and, T1 and T2 are
complementary to each other (the 21 trinucle-
otides of T1 are complementary to the 21 trinucle-
otides of T2). Note also that C(X0)=X0,
C(X1)=X2 and C(X2)=X1.

Biological consequence (detailed in the discus-
sion): the two paired reading frames may simulta-
neously code for amino acids.
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3.4. Circularity property

Definition of the trinucleotide circular permuta-
tion : the circular permutation P of the trinucle-
otide w= l1l2l3, l1,l2,l3�{A, C, G, T}, is the
permutated trinucleotide P(w)= l2l3l1.

Property 3: P(X0)=X1 and P(X1)=X2 (Table
3(c)). X0 generates X1 by one circular permutation
and X2 by another circular permutation (one and
two circular permutations with each trinucleotide
of X0 lead to the trinucleotides of X1 and X2,
respectively).

Biological consequence (detailed in the discus-
sion): the two subsets X1 and X2 can be deduced
from X0.

3.5. Circular code property

3.5.1. Definition of a circular code
Recall of a few notations : let B be a genetic

alphabet, B2={R, Y} and B4={A, C, G, T}.
B* denotes the words on B of finite length includ-
ing the empty word of length 0. B+ denotes the
words on B of finite length ]1. Let w1w2 be the
concatenation of the two words w1 and w2.

A subset X of B+ is a circular code if for all
n, m]1 and x1, x2, …, xn�X, y1, y2, …, ym�X and
p�B*, s�B+, the equalities sx2x3…xnp=
y1y2…ym and x1=ps imply n=m, p=1 and xi=
yi, 15 i5n (Béal, 1993; Berstel and Perrin, 1985)
(Fig. 2(a)). In other terms, every word on B
‘written on a circle’ has at most one factorization
(decomposition) over X.

Remark : In the following, X will be a set of
words of length three as a protein gene is a
concatenation of trinucleotides.

3.5.2. Complete study of circular codes with
trinucleotides on the alphabet B2={R, Y}

Such a complete study has not been presented
so far and allows to introduce simply the differ-
ents concepts and properties of circular codes
which are complex in the alphabet B4={A, C, G,
T} and cannot be analyzed by hand.

If b is the cardinal of the alphabet B, then X
contains at most b3 trinucleotides (Table 3(d)).
Therefore, on B2, X is a subset of {RRR, RRY,
RYR, RYY, YRR, YRY, YYR, YYY}. There

Fig. 2. (a) A representation of the definition of a circular code;
(b) flower automaton F(X0) associated with the circular code
X0.
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are two obvious constraints so that X is a circular
code:

(i) X cannot have the trinucleotides w= lll,
l�B. For example, if X contains RRR then the
word …RRRRRR… has three factorizations over
X : …RRR, RRR…, …R, RRR, RR… and …RR,
RRR, R… Therefore, X will be a subset of B%2=
{RRY, RYR, RYY, YRR, YRY, YYR}. The
cardinal of B% is b3−b, i.e. six for B%2.

(ii) X cannot have at the same time two trinu-
cleotides deduced from each other by circular
permutation. For example, if X contains RRY and
RYR (RYR is one circular permutation of RRY)
then the word …RRYRRYRRY… has two fac-
torizations over X : …RRY, RRY, RRY… and
…R, RYR, RYR, RY… Therefore, by gathering
the six trinucleotides of B%2 in two classes of three
codons so that the three codons are deduced from
each other by circular permutations {RRY, RYR,
YRR} and {RYY, YYR, YRY}, X has at most
one trinucleotide in each class. Therefore, X con-
tains at most two trinucleotides and 32=9 sets X
are potential (maximal) circular codes. The num-
ber of classes invariant by circular permutation is
Card(B%)/3= (b3−b)/3, i.e. two on B2 (Table
3(d)). The number of potential (maximal) circular
codes is 3(b3−b)/3, i.e. 32=9 on B2 (Table 3(d)).

Xa={RRY, RYY}=RNY is a circular code
(demonstrated in the introduction). Xa is a maxi-
mal (two trinucleotides) circular code and corre-
sponds to the RNY model (Eigen and Schuster,
1978). Xa is self-complementary (complementary
circular code), i.e. C(Xa)=Xa, as RRY and RYY
are complementary. Any subset of Xa is also a
circular code but not maximal. For example, the
subset RRY is a non-maximal circular code and
corresponds to the RRY model (Crick et al.,
1976). The two subsets Xb=P(Xa)={RYR,
YYR} and Xc=P(Xb)={YRR, YRY} obtained
by circular permutations of Xa are also maximal
circular codes (identical proof). Xb and Xc are
complementary to each other, i.e. C(Xb)=Xc and
C(Xc)=Xb, as RYR (resp. YYR) and YRY (resp.
YRR) are complementary.

The previous results remain unchanged by sub-
stituting R by Y and reciprocally. Therefore, Xd=
{YRR, YYR} is a maximal complementary
circular code (C(Xd)=Xd) whose two subsets

Xe=P(Xd)={RRY, YRY} and Xf=P(Xe)=
{RYR, RYY} obtained by circular permutations
of Xd are also maximal circular codes and comple-
mentary to each other (C(Xe)=Xf and C(Xf)=
Xe).

The three remaining sets X are Xg={RYY,
YRR} and Xh=P(Xg)=C(Xg)={RRY, YYR}
which are circular codes and Xi=P(Xh)={RYR,
YRY} which is not a circular code as the word
…RYRYRYRYR… has two factorizations over
Xi: …RYR, YRY, RYR…, and …R, YRY, RYR,
YR…

In summary, on B2, eight among nine sets X are
circular codes and two sets Xa={RRY, RYY}=
RNY and Xd={YRR, YYR}=YNR are com-
plementary Circular codes with two permutated
Circular codes (called C3 codes) (Table 3(d)).

3.5.3. Identification of circular codes with
trinucleotides on the alphabet B4={A, C, G, T}

The study of circular codes on B4 is obviously
more complex. For example, the search of a
unique factorization needs the introduction of
some classical definitions and results in coding
theory, e.g. the flower automaton (Béal, 1993;
Berstel and Perrin, 1985). The results obtained on
{A, C, G, T} are new. From a biological point of
view, no circular code (code without commas) on
{A, C, G, T} has been identified with a theoretical,
statistical or experimental approach. From a com-
putational point of view, the classical circular
codes determined by the methods of automatic
construction of circular codes impose constraints
on the choice of letters in the sites of the words,
e.g. absence of a given letter in a given site of all
words.

Property 4: the subset X0 is a maximal (20
trinucleotides) circular code. The subsets X1 and
X2 are also maximal circular codes. Remark: The
property that X0 is a circular code does not neces-
sarily imply that X1 and X2 are also circular codes.

Proofs. (i) Proof of the maximum cardinal of a
circular code. The 60 words of B%4={AAA, …,
TTT}-{AAA, CCC, GGG, TTT} are gathered in
Card(B%4)/3=20 classes invariant by circular per-
mutation (Table 3(d)). A circular code with words
of length three on B4 has at most one word in each
class and then contains at most 20 words.
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(ii) Proof that X0 is a circular code. As on B4

there are 3(b3−b)/3=320=3 486 784 401 potential
circular codes (Table 3(d)), the use of some theo-
rems in coding theory are necessary for the devel-
opment of algorithms for automatically
determining the circular codes. These basic theo-
rems are given, the algorithms written in Pascal
will be described elsewhere.

Definition 1: a deterministic finite state automa-
ton A is said to be local if an integer n exists so
that any two paths in A of the same length n and
of the same associated word, have the same termi-
nal state.

Lemma 1: If A is a strongly connected automa-
ton, the two following properties are equivalent:
A is local and A does not contain two cycles
labelled with the same word (Béal, 1993).

Definition 2: the flower automaton F(X) asso-
ciated with a subset X of B+ has a particular
state (labelled 1 in Fig. 2(b)) and cycles issued
from this state 1 and labelled by words of X.

Lemma 2: a finite subset X of B+ is a finite
circular code if and only if the flower automaton
F(X) is a local automaton (Béal, 1993).

Fig. 2(b) gives the flower automaton F(X0)
associated with X0. To prove that ‘X0 is a circular
code’ is equivalent to prove that ‘F(X0) is local’,
i.e. F(X0) does not contain two cycles labelled
with the same word. This proof can be done by
hand (rather tedious and not explained here) or
by algorithm. The algorithm developed identifies
automatically all possible subsets X of B+ verify-
ing the condition of circular code and allows
statistics with circular codes (Section 3.7).

(iii) Proof that X1 and X2 are circular codes:
similar to (ii) by constructing the flower automata
F(X1) and F(X2) associated with X1 and X2,
respectively.

In summary, the properties 1, 2 and 3 imply
that X0 is a complementary Circular code with
two permutated Circular codes (called C3 code).

3.6. Automatic frame determination property

Property 5: the length of the minimal window
to automatically retrieve the frame with X0 is
equal to 13 nucleotides.

The problem to automatically determine the
decomposition of a word into trinucleotides of X0

is introduced with an example. Indeed, the unicity
of such a decomposition is not obvious. For
example, the word w%=AGGTAATTACCA of
length 12 can be decomposed into trinucleotides
of X0 in two ways: AG, GTA, ATT, ACC, A
(GTA, ATT, ACC�X0, Table 3(a)) or A, GGT,
AAT, TAC, CA (GGT, AAT, TAC�X0, Table
3(a)). In fact, the automatic frame determination
property is a consequence of the circular code
property. If a word is constructed by concatenat-
ing words of X0 and if the frame of construction
is lost, then the property of code assures that the
frame can be retrieved according to a unique way.
Such a decomposition is called in the following
the reading frame of the word according to the
code X0.

The unicity of such a decomposition is proved
by using the properties of the associated flower
automaton F(X0). As all words of X0 have a
length of three (Fig. 2(b)), the states of the au-
tomaton F(X0) can be associated with frames,
state 1 with frame 0, states 2–5 with frame 1 and
states 6–16 with frame 2. If any letter of a word
obtained by a concatenation of trinucleotides of
X0, can be associated with a unique state of the
automaton F(X0), then a frame can be deduced
for this letter because the associated unique state
of F(X0) is related to a given frame. As a conse-
quence, the word can be decomposed into trinu-
cleotides of X0: its reading frame according to X0

is then retrieved. Then, the problem consists in
identifying such a unique state for a letter of the
word. Such a unicity is not obvious. In the previ-
ous example, the factor w%=AGGTAATTACCA
of length 12 can be attributed to two reading
frames according to X0: frame 1 (initial state 3 or
4 of w% in F(X0)) or frame 2 (initial state 11 or 14
of w% in F(X0)) (Fig. 3(a)).

In the case of a local automaton A, definition
1 asserts that there exists n so that for a word of
length ]n, all paths associated with this word
have the same terminal state and thus, the reading
frame of the word according to X0 can be deter-
mined. For A=F(X0), n=13 and F(X0) is
called a 13-local automaton. In other words, the
length of the minimal window to retrieve always
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Fig. 3. (a) An example of the automatic frame determination of a word of length ]13 with the flower automaton F(X0) (Fig. 2(b)).
The states 1 are associated with the position of the commas. The word w% can be decomposed into trinucleotides of X0 in two ways.
The word w=w%A has a unique decomposition into trinucleotides of X0; (b) examples of three concatenations of two trinucleotides
of the C3 code X0 generating expected and unexpected trinucleotides in the shifted frames 1 and 2.

the frame is 13 letters with X0. In the previous
example, the first letter of the word w=w%A of
length 13 is attributed to the unique frame, the
frame 1, as there is no edge labelled A leaving the
state 9 of F(X0) (Fig. 2(b) and Fig. 3(a)). Then,
the unique decomposition of w according to X0 is
AG, GTA, ATT, ACC, AA (Fig. 3(a)).

The length n of the minimal window to auto-
matically retrieve the reading frame of a word
according to X0 can be determined by hand
(rather tedious) or by algorithm testing all possi-
ble paths in the automaton. This computational
approach allows statistics with the different C3

codes (Section 3.8).
Remark : The lengths of the minimal windows

to automatically retrieve the frames 1 and 2 with

X1 and X2, respectively, are equal to 13 nucle-
otides (similar proof).

Biological consequence (detailed in the discus-
sion): the code X0 can retrieve automatically the
frame 0 in any region of a protein gene (formed
by a series of trinucleotides of X0) without a start
codon.

3.7. Rarity property

Property 6: the occurrence probability of X0=
6.2×10−8.

Statistics concerning circular codes with trinu-
cleotides on the 4-letter alphabet {A, C, G, T}
allow to determine the occurrence probability of
the code X0. There are 320=3 486 784 401 poten-
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tial circular codes (Section 3.5). The number of
circular codes computed with an algorithm verify-
ing the definition of circular code among the 320

circular codes, is 12 964 440. The computed num-
ber of circular codes having the complementarity
property (complementary circular codes), is 528.
The computed number of complementary Circu-
lar codes with two permutated Circular codes (C3

codes), is 216. Therefore, the probability to have a
C3 code, e.g. X0, is 216/320=6.2×10−8. This
very low probability explains the difficulty in
identifying such C3 codes by hand or by the
classical methods of automatic construction of
circular codes.

Table 3(d) summarizes the circular code statis-
tics on the alphabets {R, Y} and {A, C, G, T}.

Biological consequence : the probability to ob-
serve the code X0 in protein genes is very low and
non-random.

3.8. Concatenation properties

The C3 code X0 identified in protein genes has
some concatenation properties (flexibility) com-
pared to the other C3 codes:

Property 7: X0 has the maximum length (13
nucleotides) of the minimal window among the
216 C3 codes.

The lengths of minimal windows to retrieve the
frame in the 216 C3 codes are 5, 7, 9 and 13
nucleotides (data not shown), and equal to 13
nucleotides for X0 (Section 3.6).

Property 8: X0 has a high frequency (27.5%) of
misplaced trinucleotides in the shifted frames
among the 216 C3 codes.

The circular permutation property implies that
the concatenation of two trinucleotides of X0 gen-
erates with a high probability a trinucleotide of X1

in frame 1 and a trinucleotide of X2 in frame 2.
For X0, this property is verified at 72.5%, i.e.
there are 27.5% of misplaced trinucleotides in the
shifted frames. The concatenation of two identical
trinucleotides (process called duplication in biol-
ogy) of X0 leads obviously to the expected trinu-
cleotides in the shifted frames (e.g. CAG�X0 and
CAG�X0 generate AGC�X1 in frame 1 and
GCA�X2 in frame 2) (first example in Fig. 3(b)).
However, the probability of this type of concate-

nation is too low (1/20) to explain the circularity
property. The concatenation of two different trin-
ucleotides of X0 may lead to the expected trinucle-
otides in the shifted frames (e.g. CAG�X0 and
GAG�X0 generate AGG�X1 in frame 1 and
GGA�X2 in frame 2) or not (GGT�X0 and
ACC�X0 generate GTAQX1 in frame 1 and
TACQX2 in frame 2) (second and third examples
in Fig. 3(b)). Due to the complementarity prop-
erty, the frequency of trinucleotides of X0 (resp.
X2) found in the shifted frame 1 is equal to the
frequency of trinucleotides of X0 (resp. X1) found
in the shifted frame 2. Therefore, the frequencies
of misplaced trinucleotides (X0 and X2) found in
the shifted frame 1 are equal to the frequencies of
misplaced trinucleotides (X0 and X1) found in the
shifted frame 2.

Fig. 4 shows the repartition function of the 216
C3 codes according to the frequency of misplaced
trinucleotides in frame 1 (or 2) generated by the
concatenation of trinucleotides of a given C3

code. This frequency is between 6.5% and 31%,
and equal to 27.5% for X0.

Property 9: X0 has an occurrence of the four
types of nucleotides in the three trinucleotide
sites. This structure explains that the code X0

cannot be generated by the classical methods of
automatic construction of circular codes.

Biological consequence (detailed in the discus-
sion): the code X0 has evolutionary properties.

4. Discussion

4.1. Simulation of the protein coding genes

As the code X0 leads to 72.5% well-placed
trinucleotides in the shifted frames (Fig. 4), the
protein genes could be simulated uniquely with
the trinucleotides in frame 0 (codons). In order to
verify this hypothesis, a population S of 200 simu-
lated genes of 1000 base length is generated by an
independent mixing of the 22 codons of T0 with
equiprobability. A sample of 200 000 bases allows
precise and stable computations (i.e. there is no
random fluctuations in the probability calculus of
i-motifs: a sample having, for example, 50 simu-
lated genes of 1000 base length leads to similar
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Fig. 4. Repartition function of the 216 C3 codes according to the frequency of misplaced trinucleotides in frame 1 or 2 generated
by the concatenation of trinucleotides of a given C3 code. The frequency of misplaced trinucleotides for the C3 code X0=27.5%.

results). The 12 288 autocorrelation functions are
computed in this simulated population S as
defined in Section 2.1 and classified in the three
types of periodicities according to the method
given in Section 3.1.

For each trinucleotide w% and for each frame q
in the simulated population S, Table 4, similarly
to the Table 2(a),(b), gives the number of clas-
sifiable autocorrelation functions wp(N)iw% imply-
ing the frame q for w%. This simple simulation
retrieves the three types of periodicities correctly
associated with the 12 288 i-motifs and thus, the
two other subsets T1 and T2 of trinucleotides in
the frames 1 and 2, respectively (except for three
trinucleotides). Note: as this simulation uses only
22 trinucleotides, the maximal number of clas-
sifiable autocorrelation functions in the simulated
genes (110) is obviously less than the one in the
real protein genes (189).

4.2. Consequences on the purine/pyrimidine
alphabet

The three subsets T0, T1 and T2 classify the 64
A/C/G/T trinucleotides according to their prefer-

ential occurrence frame. Therefore, a preferential
occurrence frame for the eight R/Y trinucleotides
can be deduced from the frames of the 64 A/C/G/
T trinucleotides by considering for each R/Y trin-
ucleotide, the average frame of the eight frames
associated with the eight A/C/G/T specified trinu-
cleotides. Table 5 shows that the subset Y0=
{RRY, RYY}=RNY occurs preferentially in
frame 0, the subset Y1={RYR, YYR}, in frame
1, and the subset Y2={YRR,YRY}, in frame 2.
RRY and RYY have the same number (six) of
A/C/G/T trinucleotides in frame 0. The subset Y0

contains a few A/C/G/T trinucleotides in frames 1
(ACT1, AGC1) and 2 (AGT2, GCT2) and Y1 and
Y2, a few A/C/G/T trinucleotides in frame 0
(CAG0, CTG0, GTA0, TAC0). The subset Y0 is a
C3 code on the alphabet {R, Y} (Section 3.5.2)
and corresponds to the RNY codon model (Eigen
and Schuster, 1978). There is no preferential
frame for RRR and YYY.

These results also explain different previous
works analyzing simultaneously the three frames
(average frame) in protein genes with autocorrela-
tion functions on the alphabet {R, Y}, in particu-
lar: (i) the periodicity 0 modulo 3 with the
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Table 4
For each trinucleotide w% and for each frame q in the simu-
lated genes by an independent mixing of the 22 trinucleotides
of T0, the number of classifiable autocorrelation functions
wp(N)iw% implying the frame q for w% is given

Numberw% in w% inw% in NumberNumber
q=0 q=2q=1

0AAA0AAAAAA 110
0 AACAAC 110 AAC 0

110 AAGAAG 0 AAG 0
AAT0 0AATAAT 110
ACA 0ACA 0 ACA 110
ACC 0ACC 110 ACC 0

110 ACGACG 0 ACG 0
92 ACT 0ACTACT 0

AGA 0AGA 0 AGA 2
0AGC97AGCAGC 0

AGG 0AGG 0 AGG 110
AGT 82AGT 0 AGT 0

110 ATAATA 0 ATA 0
0 0ATCATCATC 110

110 ATGATG 0 ATG 0
ATT 0ATT 110 ATT 0

0 CAACAA 0 CAA 110
0 CAC 110CACCAC 0
0 CAGCAG 110 CAG 0

110CAT0CATCAT 0
25 CCACCA 0 CCA 0

110 CCCCCC 0 CCC 0
CCG110 0CCGCCG 0

0 CCTCCT 0 CCT 110
CGA 110CGA 0 CGA 0

0 CGCCGC 0 CGC 110
0 CGG 110CGGCGG 0

CGT 110CGT 0 CGT 0
110CTA0CTACTA 0

CTC 0CTC 110 CTC 0
CTG 0CTG 110 CTG 0

0 CTTCTT 0 CTT 110
0 GAA 0GAAGAA 110

GAC 0GAC 110 GAC 0
0GAG0GAGGAG 110

GAT 0GAT 110 GAT 0
GCA 0GCA 0 GCA 86

0 GCCGCC 110 GCC 0
110 0GCGGCGGCG 0

GCT 90GCT 0 GCT 0
0 GGAGGA 0 GGA 110

GGC0 0GGCGGC 110
GGG 110GGG 0 GGG 0

0GGT0GGTGGT 110
0 GTAGTA 110 GTA 0
0 GTCGTC 110 GTC 0

0GTG110GTGGTG 0
GTT 0GTT 110 GTT 0
TAA 110TAA 0 TAA 0

Table 4 (continued)

w% inNumber Numberw% inw% in Number
q=0 q=2q=1

TACTAC 0110 TAC 0
0TAG110TAG TAG0

TATTAT 1100 TAT 0
TCATCA 00 TCA 110

110TCC TCC 0TCC0
0TCG TCG 110 TCG 0

18TCT0 0TCT TCT
TGA 0 TGA0 TGA 110

0 TGC 86TGC 0 TGC
43TGG 0 TGG 0 TGG

TGT 110TGT0TGT0
0TTATTA 1100TTA

TTC110TTC 0TTC 0
0TTG 0 TTG 110 TTG

110 TTT 0 TTTTTT 0

The trinucleotides in bold have a preferential occurrence
frame. The three trinucleotides in italics (AGA, GCA, TGC)
are reclassified according to the properties of the C3 code X0.

autocorrelation function YRY(N)iYRY (Fig. 5(a),
Arquès and Michel, 1987, 1994) as the trinucle-
otides YRY occurring preferentially in frame 2
generate a number multiple of three of bases
between them; and (ii) the absence of the periodicity
0 modulo 3 with the autocorrelation function
RRR(N)iRRR (Fig. 5(b), Arquès and Michel,
1993) as RRR does not occur in a preferential
frame.

4.3. Consequences on the genetic code

The codon subset T0 codes for 13 amino acids
(AA): Ala, Asn, Asp, Gln, Glu, Gly, Ile, Leu, Lys,
Phe, Thr, Tyr and Val (Table 6). As the subset T0

has 22 codons, several codons of T0 code for the
same AA. Almost all classes of AA are coded by
T0: the simplest (Gly), aliphatic (Ala, Ile, Leu, Val),
hydroxyl (Thr), acidic (Asp, Glu), amide (Asn,
Gln), basic (Lys) and aromatic (Phe, Tyr) (two
classes are not coded by T0: the sulfur-containing
AA: Cys and Met, and the cyclic AA: Pro). The 12
AA coded by X0 are equally represented in the two
classes of aminoacyl-tRNA synthetases with a class
1 associated with Gln, Glu, Ile, Leu, Tyr and Val,
and a class 2, with Ala, Asn, Asp, Gly, Phe and Thr
(rewieved in Schimmel et al., 1993; Hartman, 1995;
Saks and Sampson, 1995).
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4.4. Consequences on the amino acid frequencies in
proteins

There are seven amino acids (AA) which are
not coded by the codon subset T0: Arg, Cys, His,
Met, Pro, Ser and Trp (Table 6). Therefore, these
seven AA should have the lowest frequencies in
proteins. In order to verify this consequence of a
code in protein genes, the frequencies of the 20
AA are computed in 9510 prokaryotic proteins
(3 044 028 AA) and 20 673 eukaryotic proteins
(7 521 044 AA). They are obtained from the
protein data base SWISS-PROT (released 29,
June 1994). Then, these observed AA frequencies
are compared with their expected AA frequencies
(number of codons coding an AA divided by the
total number of non-stop codons, i.e. 61). Table 7
shows that except for Met, the six other AA not
coded by T0, Arg, Cys, His, Pro, Ser and Trp,
have the lowest observed/expected frequency ra-
tios (B0.8) in the proteins of both prokaryotes
and eukaryotes. For Arg, a difference between the
observed frequency and the frequency expected
from the universal genetic code has already been
mentioned (Jukes et al., 1975). Met is a particular
case as the codon coding for Met is also the start
codon for establishing the frame 0 (reading frame)
in actual genes.

In summary, both in prokaryotes and eukary-
otes, there is a strong correlation between the
usage of the codons of T0 in protein genes and the
amino acid frequencies in proteins.

4.5. Biological consequences which could be
associated with the properties of the circular code

The identification of the same subset X0 of 20
trinucleotides occurring preferentially (i.e. in com-
parison with X1 and X2) in frame 0 (reading
frame) of two different taxonomic protein gene
populations (prokaryotes and eukaryotes), sug-
gests an evolution of protein genes according to
two processes: a construction process of primitive
protein genes followed by an evolutionnary pro-
cess transforming the primitive protein genes into
actual protein genes. In the model currently under
investigation, the primitive protein genes are con-
structed of trinucleotides of X0 (independent mix-

ing with equiprobability 1/20), i.e. X1 and X2 do
not occur in frame 0. Two simple types of evolu-
tionnary processes may generate X1 and X2 in
frame 0: (i) substitutions in the three sites of
trinucleotides of X0 or (ii) insertions and deletions
of nucleotides (process named RNA editing) in
the trinucleotides of X0 (X1 and X2 are obtained in
this case by circular permutation). There are sev-
eral constraints associated with these random evo-
lutionary processes, in particular the frequencies
of X1 and X2 in frame 0 must remain less than the
frequency of X0 in frame 0. Such a computational
model based on an evolution of the number of
trinucleotides (from 20 to 64), i.e. on an evolution
of the number of amino acids coded by these
trinucleotides (from 12 to 20 by using the hypoth-
esis of the actual genetic code), may be related to
several evolutionary biological models, in particu-
lar to the co-evolution of the aminoacyl-tRNA
synthetases and the genetic code (Wetzel, 1995).

Almost all actual protein genes (with X0, X1

and X2 in frame 0) begin with the ATG start
codon which does not belong to X0 (ATG�X1).
However, the scanning mechanism (Kozak, 1978)
for initiation of translation in eukaryotes (40S
ribosomal subunit carrying Met-tRNAi

met and
various initiation factors) is based on the consen-
sus sequence GCCGCCRCCATG (R=A or G;
Kozak, 1989). Surprisingly, the three trinucle-
otides preceding the ATG start codon belong to
X0 (ACC, GCC�X0). The occurrence probability
of such a series is equal to 1/(20)3:10−4. There-
fore, this motif of nine base length could have
been the translation initiation signal in primitive
protein genes (with only X0 in frame 0). The
importance of this motif has been demonstrated
by site-directed mutagenesis experiments (e.g.
Kozak, 1986a) and confirmed by the discovery of
a type of thalassemia in which a mutation in the
sequence (the purine base R three bases before
ATG changed in C) drastically impairs translation
initiation of a-globin (Morlé et al., 1985). Non-
ATG start codons exist in actual protein genes
but they are weakly recognized like the ATG start
codons in a mutated consensus sequence. Surpris-
ingly, some non-ATG start codons identified, be-
long to X0, e.g. CTG in the first exon of c-myc
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Table 5
The eight R/Y trinucleotides (R=purine=A or G, Y=pyrimidine=C or T) are associated with the 64 A/C/G/T trinucleotides by
considering their frame (T0, T1, T2)

YRY YYRRRR RRY RYR RYY YRR YYY

CAC2 CCA1AAA0 AAC0 ACA1 ACC0 CCC1CAA2

CCG1CAT2 CCT2AAG1 CAG0AAT0 ACG1 ACT1

CGA2 CGC2 CTA2 CTC0AGA2 AGC1 ATA1 ATC0

CTT2CTG0CGT2AGG1 CGG2AGT2 ATG1 ATT0

TAC0 TCA1GAA0 GAC0 GCA2 GCC0 TAA2 TCC1

TAT2 TCG1GAG0 GAT0 GCG1 GCT2 TAG1 TCT1

TTA1TGC1 TTC0GGA2 TGA2GGC0 GTA0 GTC0

TGG2 TGT2 TTG1GGG2 TTT0GGT0 GTG1 GTT0

2 2 10, 1, 2 0 1 0, 1, 20

The last row gives the preferential occurrence frame for the R/Y trinucleotides, e.g. RRR is in the three frames (three A/C/G/T
trinucleotides in frame 0, two in frame 1, three in frame 2), YRY is in frame 2 (one A/C/G/T trinucleotide in frame 0, one in frame
1, six in frame 2).

(Geballe and Morris, 1994), ATT in several mito-
chondrial protein genes of the gastropod mollusc
Cepea nemoralis (Terrett et al., 1996) and in the
mitochondrial protein genes NADH2 of Homo
and chimpanzees (Arnason et al., 1996). Further-
more, the first ATG codon is not always used for
translation initiation which can begin at down-
stream ATG codons in the following cases: (i) the
length between the cap and the first ATG codon
is less than nine bases (e.g. Strubin et al., 1986);
(ii) the first ATG codon occurs in a mutated
consensus sequence (Kozak, 1986b); and (iii) the
first ATG codon is associated with alternative
promoters and/or splice sites for regulating down-
stream ATG codons, e.g. in protooncogenes,
growth factor genes and homeobox genes (Kozak,
1989; Geballe and Morris, 1994). Finally, the
lengths of the consensus motif GCCGCCRCC
and of the motif between the cap and the first
ATG codon could be considered according to the
window of nucleotides automatically retrieving
the frame 0 with the identified C3 code X0 (see
also below).

A protein gene formed by trinucleotides of X0

has the property to automatically retrieve the
frame 0 in any region of the gene without a start
codon (X0 is a circular code by definition). It
would be interesting to know if a trace of this
property may exist in the actual protein genes
formed by a preferential occurrence of trinucle-

otides of X0 (i.e. a protein gene formed by trinu-
cleotides of X0, X1 and X2 with lower frequencies
for X1 and X2). Surprisingly, such a property is
observed with a biological process, called trans-
lational frameshifting, which is involved in: (i)
producing a translational fusion for the morpho-
genesis of the viral particle, e.g. the retroviral gag
and pol genes (Farabaugh et al., 1993); e.g. the
retrotransposon TYA and TYB genes (Belcourt
and Farabaugh, 1990); (ii) regulating gene expres-
sion, e.g. the Escherichia coli prfB gene (e.g. Crai-
gen and Caskey, 1986) and the rat ODCase
antizyme gene (e.g. Matsufuji et al., 1995); and
(iii) coding two proteins with a common N-termi-
nal region and a different C-terminal region, e.g.
the Escherichia coli dnaX gene (e.g. Tsuchihashi
and Brown, 1992), and the prokaryotic insertion
sequences, e.g. IS1 (Machida et al., 1984), IS150:
(Vögele et al., 1991). This frameshifting process
allows translation to continue through a stop
codon in frame 0, to change the frame and to use
two frames. It is found in genes associated with
different functions and from a variety of organ-
isms: bacteria, lower eukaryotes (yeasts, plants),
higher eukaryotes (animal) and viruses (e.g. retro-
viruses, bacteriophages, plant viruses, etc.). There
are mainly two translational frameshifting pro-
cesses: hopping and slipping.

Hopping can be defined as a translational shift
]2 bases in the 5%–3% direction (downstream di-
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rection) or in the 3%–5% direction (upstream direc-
tion). It requires a take-off trinucleotide and a
landing trinucleotide. O’Connor et al. (1989) re-
ported two examples, both decoded as Val, where
the take-off trinucleotide (underlined once) be-
longs to X1 and the landing trinucleotide (under-
lined twice), to X0: GTGTA (GTG�X1, TGT�X2,
GTA�X0) and GTGTAAGTT (GTG�X1,
TGT�X2, GTA�X0, TAA�X2, AAG�X1,
AGT�X2, GTT�X0). In the first example, the
take-off trinucleotide GTG and TGT are not
translated and belong to X1 and X2, respectively.
The translated trinucleotide GTA belongs to X0.
The second example appears to be an extension of
the rule applied previously. If the first landing
trinucleotide belonging to X0 (GTA) is not chosen,
then the second landing trinucleotide considered is

the next downstream trinucleotide belonging to X0

(GTT).
Slipping can be defined as a translational shift

of one base either in the 3%–5% direction (−1
frameshift) or in the 5%–3% direction (+1
frameshift). Several trinucleotides which may di-
rect −1 frameshift, have been reported, e.g. AAG
(E. coli dnaX gene: Tsuchihashi and Brown, 1992;
Lindsley and Gallant, 1993; the prokaryotic inser-
tion sequence IS150: Vögele et al., 1991), AGC
(Bruce et al., 1986), CCG (Dayhuff et al., 1986)
and TTA (Jacks et al., 1988; ten Dam et al., 1990).
As these trinucleotides belong to X1 and as X1 is
deduced by one circular permutation of X0, the
theoretical frame 0 is retrieved with −1
frameshift, as expected with the examples men-
tioned. In contrast, other trinucleotides, e.g. AGT
(Farabaugh et al., 1993), CTT (Weiss et al., 1987)
and TGA (Craigen and Caskey, 1986; Curran,
1993), may provoke +1 frameshift. As these
trinucleotides belong to X2 and as X2 is deduced
by two circular permutations of X0, the theoretical
frame 0 is retrieved with +1 frameshift, as ex-
pected with the examples given. The trinucleotides
AAA (Weiss et al., 1990), GGG (Weiss et al.,
1990) and TTT (Fox and Weiss-Brummer, 1980)
may induce both −1 and +1 frameshifts. There-
fore, the trinucleotides belonging to T0, T1 and T2

exclusively (AAA, TTT�T0, GGG�T2), may lead
to a shift of one base in both directions.

The rules of the take-off and landing trinucle-
otides in the hopping process and of the frameshift
trinucleotides in the slipping process could be
analyzed according to the subsets X0, X1 and X2 of
trinucleotides in order to identify the frameshift
rules encoded in the DNA sequence. As X0, X1 and
X2 are associated with the frame 0, 1 and 2,
respectively, the type of translational frameshifting
at the frameshift site could easily be determined
for example, a gene in a shifted frame 1 or 2
retrieving the frame 0, a gene in frame 0 keeping
the frame 0 and a gene in frame 0 using a shifted
frame 1 or 2. Indeed, a feature classically used for
determining the frame 0 after a frameshift site, is
the frame among the three possible ones having
the highest number of non-stop codons before a
stop codon. A set of 20 trinucleotides would be
more significant than a stop codon for discriminat-
ing the different frames.

Fig. 5. (a) periodicity 0 modulo 3 in the eukaryotic protein
coding genes with the autocorrelation function YRY(N)iYRY
without considering the frame. The horizontal axis represents
the number i, i� [0, 50], of any bases N between YRY and
YRY. The vertical axis represents the autocorrelation function
YRY(N)iYRY; (b) absence of the periodicity 0 modulo 3 in
the eukaryotic protein coding genes with the autocorrelation
function RRR(N)iRRR without considering the frame. The
horizontal axis represents the number i, i� [0, 50], of any bases
N between RRR and RRR. The vertical axis represents the
autocorrelation function RRR(N)iRRR.
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Table 6
The subset T0 (bold) codes for 13 amino acids in the universal genetic code: Ala, Asn, Asp, Gln, Glu, Gly, Ile, Leu, Lys, Phe, Thr,
Tyr and Val

Codon Amino acid CodonCodon Amino acidAmino acid Codon Amino acid

Cys, CTGTTyr, YTTT TATPhe, F TCT Ser, S
TyrosinePhenylalanine Serine Cysteine

Cys, CTGCTyr, YTTC TACPhe, F TCC Ser, S
TyrosinePhenylalanine Serine Cysteine
Stop codon TGATTA Leu, L TCA Ser, S TAA Stop codon
ochre opalLeucine Serine
Stop codon TGGTTG Leu, L TCG Ser, S Trp, WTAG

TryptophanamberLeucine Serine
His, H CGTCTT Leu, L CCT Pro, P CAT Arg, R
HistidineLeucine Proline Arginine

Arg, RHis, H CGCCTC CACLeu, L CCC Pro, P
Histidine ArginineLeucine Proline

Arg, RCGAGln, QCTA CAALeu, L CCA Pro, P
GlutamineLeucine Proline Arginine
Gln, Q CGGCTG Leu, L CCG Pro, P CAG Arg, R

ArginineGlutamineLeucine Proline
Ser, SAGTATT Ile, I ACT Thr, T AAT Asn, N
SerineAsparagineIsoleucine Threonine

Asn, N AGCATC Ile, I ACC Thr, T AAC Ser, S
AsparagineIsoleucine Threonine Serine

Arg, RLys, K AGAATA AAAIle, I ACA Thr, T
Lysine ArginineIsoleucine Threonine

Arg, RAGGLys, KATG AAGMet, M ACG Thr, T
LysineMethionine Threonine Arginine
Asp, D GGTGTT Val, V GCT Ala, A GAT Gly, G
Aspartic acid GlycineValine Alanine

GAC Asp, D GGCGTC Val, V Gly, GGCC Ala, A
GlycineAspartic acidValine Alanine

Glu, E GGAGTA Val, V GCA Ala, A GAA Gly, G
Glutamic acidValine Alanine Glycine

Gly, GGlu, E GGGGTG GAGVal, V GCG Ala, A
Glutamic acidValine GlycineAlanine

Seven amino acids are not coded by T0: Arg, Cys, His, Met, Pro, Ser and Trp. The subset T1 (underlined once) is associated with
11 amino acids: Ala, Arg, Cys, Ile, Leu, Lys, Met, Pro, Ser, Thr and Val. The subset T2 (underlined twice) is associated with 11
amino acids: Ala, Arg, Cys, Gln, Gly, His, Leu, Pro, Ser, Trp and Tyr.

The translational frameshifting in the actual
protein genes has been considered in the previous
section according to the words of the circular
code X0. In this section, this frameshifting process
is analyzed with respect to the window of 13
nucleotides retrieving automatically the frame 0 of
the circular code X0.

In the hopping process, the window of X0 could
be related to the sequence between the take-off
and landing trinucleotides.

In the −1 slipping process of eukaryotes and
viruses, a secondary structure, usually a pseudo-

knot, is often associated with frameshifting (ten
Dam et al., 1990). Pseudoknots occur on average
six nucleotides downstream (+6) of the
frameshift trinucleotides (ten Dam et al., 1990).
This distance is critical as the insertion or deletion
of two nucleotides between frameshift trinucle-
otides and pseudoknots eliminate frameshifting
(Brierley et al., 1992). Furthermore, the four nu-
cleotides upstream (−4) of the frameshift trinu-
cleotides can modify the rate of frameshifting
(Brierley et al., 1992). Therefore, these biological
observations identify a sequence of 13 (4+3+6)
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nucleotides involved in frameshifting. The win-
dow of X0 could be connected with this sequence.

In the −1 slipping process of prokaryotes, a
secondary structure, usually a hairpin, and a
Shine–Dalgarno site (Shine and Dalgarno, 1974)
are often involved in frameshifting (Vögele et al.,
1991; Larsen et al., 1994). The Shine–Dalgarno
sites occur on average 14 nucleotides upstream
(−14) of the frameshift trinucleotides (Larsen et
al., 1994), and the hairpin, seven nucleotides
downstream (+7) of the frameshift trinucleotides
(Vögele et al., 1991). If the spacing between the
Shine–Dalgarno site and the frameshift trinucle-
otide is reduced to seven nucleotides then +1
frameshift may occur (Larsen et al., 1994). Notes:
the Shine–Dalgarno sites are observed six nuc-
leotides upstream (−6) of the frameshift trinuc-
leotides in the +1 slipping process of prokaryotes
(Weiss et al., 1988); a potential pseudoknot
occurs five nucleotides downstream (+5) of the
frameshift trinucleotide in the +1 slipping pro-
cess of the ornithine decarboxylase antizyme gene
of eukaryotes (Matsufuji et al., 1995). The win-
dow of X0 could be involved in these different
sequences of critical lengths (Larsen et al., 1994).

The window of X0 can also be considered ac-
cording to the codon–anticodon pairing process
as X0 is a complementary circular code. The
codon–anticodon pairing is classically based on
three nucleotides. However, different models of
extended codon–anticodon pairing have been
proposed.

In the primitive translation RRY model pro-
posed by Crick et al. (1976), the primitive tRNAs
have an anticodon involving seven conserved nu-
cleotides (two nucleotides on both sides of the
anticodon in actual tRNAs; Barrell and Clark,
1974) in two alternative stacking configurations.
The aminoacyl-tRNA adopts the 5% stacked
configuration with the five base anticodon
YYa1a2a3, a1 being the wobble base (Woese,
1970). On the other hand, the peptidyl-tRNA
adopts the 3% stacked configuration with the five
base anticodon a1a2a3RN (Fuller and Hodgson,
1967). A stacked configuration pairs with a five
base codon. Note: a primitive codon–anticodon
pairing involving only three bases such as an
actual one without ribosome is not stable enough

for codon translation (Grosjean et al., 1978). The
flip mechanism (detailed below for the RNY
model) between these two stacked configurations
leads to primitive protein genes consisting of a
series of RRY codons (RRY model) (Crick et al.,
1976). In the primitive translation RNY model
proposed by Eigen and Schuster (1978), these
biological concepts are considered with an anti-
codon involving only five conserved nucleotides
(one nucleotide on both sides of the anticodon in
actual tRNAs). Therefore, the aminoacyl-tRNA
with the 5% stacked configuration has the four base
anticodon Ya1a2a3 (3%a3a2a1Y) pairing with the
four base codon c1c2c3R. The peptidyl-tRNA with
the 3% stacked configuration has the four base
anticodon a1a2a3R (3%Ra3a2a1) pairing with the
four base codon Yc1c2c3 (Fig. 6). The flip mecha-
nism between these two stacked configurations
keeps the three anticodon bases 3%a3a2a1 paired
with the three codon bases c1c2c3 for codon trans-
lation. The sequence 3%Ra3a2a1a3a2a1Y of the pep-
tidyl and aminoacyl tRNAs paired with mRNA
during the flip mechanism leads to primitive
protein coding genes constituted of a series of
RNY codons (Fig. 6). Thus, the window
3%Ra3a2a1a3a2a1Y of seven nucleotides with a shift
of three bases according to a flip mechanism
allows to generate the C3 code RNY on the
2-letter alphabet {R, Y}. A four base codon–anti-
codon pairing is also observed with the actual
shifty tRNAs which are particular tRNAs in-
volved in the translational frameshift sites (Riddle
and Carbon, 1973; Beremand and Blumenthal,
1979; Tuohy et al., 1992). A biological model,
such as the flip mechanism, for generating the C3

code X0 on the 4-letter alphabet {A, C, G, T}
remains to be found.

Finally, the window of X0 may be related to the
acceptor stem nucleotides for the correct recogni-
tion of the amino acid that the cognate aminoa-
cyl-tRNA synthetase attaches to the tRNA
3%-terminus (Schimmel et al., 1993; Hartman,
1995; Saks and Sampson, 1995).

As the circular code X0 is self-complementary,
the two paired frames 0 in the two DNA double
helix may simultaneously code for amino acids
without the start codon (Fig. 7). Furthermore, as
X1 and X2 are also circular codes and complemen-
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Fig. 6. The primitive translation RNY model of Eigen and Schuster (1978).

tary to each other and as a stop codon is never
complementary to another stop codon, several
frames among the six frames in the two DNA
double helix may simultaneously code for amino
acids without start codon, leading to an optimal
information storage. For example, the insertion
sequence IS1, i.e. a transposable element in bacte-
ria, includes six potential reading frames with two
genes encoded on the same strand of IS1 from
partially overlapping reading frames (Machida et
al., 1984). Overlapping genes on the same strand
and genes on both DNA strands are classically
found in the genomes of small size for maximizing
the coding function, in particular in the mitochon-
drial genome, e.g. ATPase subunits six and eight,
cytochrome oxidase subunit two and an adjacent
ORF, etc. (Gray, 1992), and in the viral genome
(Ziff, 1980). The concept of proteins coded by
complementary strands has also been investigated
for properties between amino acids and codons
and for rules of the two complementary strands of
DNA (Zull and Smith, 1990; Konecny et al.,
1993; Béland and Allen, 1994; Konecny et al.,
1995).

4.6. Conclusion summarizing the results

Based on a complete statistical analysis with
12 288 autocorrelation functions, three subsets of
20 trinucleotides (by excluding AAA, CCC, GGG

and TTT) are identified in the three frames of
protein genes of both prokaryotes and eukary-
otes: X0 in frame 0 and, X1 and X2 in the shifted
frames 1 and 2, respectively (X0, X1 and X2 being
defined in Table 3(a)). Unexpectedly, X0, X1 and
X2 are maximal circular codes on the alphabet {A,
C, G, T}, a concept suggested by Crick et al.
(1957), then abandoned. These three circular
codes have several relations between them. X0 is
self-complementary and, X1 and X2 are comple-
mentary to each other. X0 generates X1 by one
circular permutation and X2 by another circular
permutation. Therefore, X0 is a complementary
Circular code with two permutated Circular codes
(called C3 code). The C3 code X0 has several
properties: automatic retrieval of the frame after
13 nucleotides, rarity (6×10−8) and concatena-
tion properties (high frequency of misplaced trin-
ucleotides in the shifted frames, maximum length
of the minimal window to automatically retrieve
the frame and the occurrence of the four types of
nucleotides in the three trinucleotide sites). The
different properties of the C3 code X0 as well as
the few biological consequences analyzed here, in
particular the possibility that several trinucle-
otides of X0 may code for the same AA and the
strong correlation between the usage of the trinu-
cleotides of X0 in protein genes and the amino
acid frequencies in proteins, suggest that this code
could have had a function in gene evolution and
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Fig. 7. The self-complementary circular code X0 allows the two paired frames 0 (reading frames) to code simultaneously for amino
acids without a start codon.
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