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KEYWORDS Abstract In the RNA world, RNA is assumed to be the dominant macromolecule performing most, if
Genetic code; not all, core “house-keeping” functions. The ribo-cell hypothesis suggests that the genetic code and the
Purine content; translation machinery may both be born of the RNA world, and the introduction of DNA to ribo-cells
Sensitivity; may take over the informational role of RNA gradually, such as a mature set of genetic code and mech-
Codon; anism enabling stable inheritance of sequence and its variation. In this context, we modeled the genetic
Amino acid code in two content variables—GC and purine contents—of protein-coding sequences and measured

the purine content sensitivities for each codon when the sensitivity (% usage) is plotted as a function of
GC content variation. The analysis leads to a new pattern—the symmetric pattern—where the sensitivity
of purine content variation shows diagonally symmetry in the codon table more significantly in the two GC
content invariable quarters in addition to the two existing patterns where the table is divided into either
four GC content sensitivity quarters or two amino acid diversity halves. The most insensitive codon sets
are GUN (valine) and CAN (CAR for asparagine and CAY for aspartic acid) and the most biased amino
acid is valine (always over-estimated) followed by alanine (always under-estimated). The unique position
of valine and its codons suggests its key roles in the final recruitment of the complete codon set of the
canonical table. The distinct choice may only be attributable to sequence signatures or signals of splice sites
for spliceosomal introns shared by all extant eukaryotes.

Introduction increasing complexity and efficiency [14,15]. One is informa-
tional, where the code is inscribed into mRNAs through tran-
scription and decoded by tRNAs and aminoacyl tRNA
synthetases (AARS) through translation into amino acids;
the other is operational, where anticodons of tRNAs interacts
directly with codons of a mRNA to make sure that the code is
translated accurately. There are many other basic elements of the
genetic code, which follow the “two-track’ scheme. For instance,
the two types of nucleotides—purines and pyrimidines—are

The genetic code and its codon organization are yet to
be fully understood [1-6] albeit plenteous displays, inspiring
interpretations and thoughtful hypotheses in the vast literature
[7-13]. There are at least two basic facets for the code to be
engaged together with evolving cellular machineries with
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correct tRNAs for protein synthesis [16]. Since AARS do not
directly recognize anticodons borne by tRNAs and thus the
code, they evolve to dictate the relationship between codons
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and their corresponding anticodons in rather complex and dy-
namic ways [17]. Most strikingly, the tRNA pool and the
AARS set are rather dynamic and have gone through member-
ship change and recruiting process across taxa [18-25].

We have recently showed [3—6] that the algebraic represen-
tation of the code is structurally equivalent to a content-centric
organization and that codon and amino acid usage under dif-
ferent classification schemes are correlated closely with GC
content, implying a set of rules governing compositional
dynamics across a wide variety of prokaryotic genome se-
quences and perhaps even eukaryotic ones. Our results also
indicate that codons and amino acids are not randomly parti-
tioned in the table [1,2.,4,6], where the 6-fold degenerate codons
and their amino acids play important roles not only to balance
the compositional dynamics of protein-coding DNA se-
quences, but also the physiochemical dynamics of proteins.
Therefore, the content-centric organization of the code is of
great usefulness in deciphering its hitherto defined organiza-
tions and regularities as well as the dynamics of nucleotide, co-
don and amino acid compositions.

In this report, we describe the dynamics of codons and their
encoded amino acids in relation to purine content changes by
displaying their purine sensitivity in a context of GC change as
a follow-up for our previous publications [3,5]. Not only is
there purine sensitivity among the seemingly content-insensi-
tive codons, but also the sensitivity has exhaustive patterns
that are unique to different grouping schemes of the codon
triplets. These patterns are uniformity, symmetry and ending
of codon triplets (i.e., the third codon position or ¢p3). Surpris-
ingly, the most insensitive 4-fold degenerate amino acid is va-
line (V), which is encoded by GUN (N stands for one of the
four nucleotides). Based on the step-wise evolution scenario
of the genetic code [1,2], the impermanent and impermissible
usage of GUN suggests that in the proto-cell of the RNA
world, the splicing machinery was already invented since GU
serves as an irreducible dinucleotide sequence for the splice site
and the genetic code might not evolve to the canonical form
universal to the present-day life.

Results and discussion

Symmetric and asymmetric natures of the genetic code

The genetic code (in this context it is the codon table—a 64 co-
don full-display) is organized primarily as symmetric or pair-
ing units (Figure 1) because base pairing, albeit imperfect at
times, is the primary operational force to embrace codons
and their corresponding anti-codons together. These basic
units should be independent from each other unless connected
in the informational track, i.e., encoding the same amino acids
as in the case of the three 6-fold degenerate codons for leucine
(L), arginine (R) and serine (S). The table is simply divided
into four quarters (Figure 1A) and each has 16 sequence-com-
plimentary codons (Figure 1B and C). The pairing is between
the heavy codons consisting of 2 purines and 1 pyrimidine
(2R + 1Y) and the light codons (2Y + 1R) within the four
basic units according to the operational rules (thus the
operational track) other than sequence complementation that
is indeed merely an informational concern (Figure 1D). In
addition to this heavy-light codon pairing, the odd-numbered
triplet itself always has two flanking nucleotides that are also

considered as symmetry: when the two nucleotides are identi-
cal, both purines, both pyrimidines and both AU or GC.
The third scheme is uniformity where all three nucleotides
are considered: all identical, all purines or pyrimidines.

Aside from its basic organization, there are several features
where the genetic code and its codons are organized in a non-
perfect symmetry, largely due to historic reasons in terms of its
step-wise evolution or selection [1,2]. Although the pyrimidine-
ending codons are perfectly organized in the table, i.e., all U-
ending and C-ending codons are interchangeable vertically
without altering their encoded amino acids, the purine-ending
codons have a couple of exceptions (Figure 1A). One example
is in the AU-rich box (Figure 2): there are two codon du-
plexes—AU (G/A) for M/l and UG (A/G) for Stop/W—encod-
ing different amino acids or stop signals. Another is the 6-fold
degenerate codon sets: L, R and S, which are proposed to pro-
vide balance between the pro-diversity and pro-robustness
halves for the dominant physiochemical properties: hydropho-
bicity, polarity, charge, shape and size [3-6].

The symmetry of codon organization is also multifold be-
yond the basic units organized in the four quarters (Figure 2A).
The characteristics of the four-quarter organization are built
on the sensitivity of GC-content [1-3]. The AU-rich and GC-
rich quarters are both sensitive to GC variation but the other
two are seemingly not. The second way to divide the codons is
one-to-two: the pro-diversity half and the pro-robustness half
(Figure 2B). The pro-robustness half is so organized that it al-
most suggests that it is evolved to be filled not only fast but in a
perfect order. There must be a third feature or even more fea-
tures in the table organization, concerning the two GC content
insensitive boxes or quarters. What is it? How does purine con-
tent change manifest them in the codon organization? Is purine
sensitivity ancient since the code might have started from
purine-pyrimidine pairing to discrete AU and GC pairing
(Figure 3A)? Most importantly, how did the code actually
expand into the next and even the current form? We show
one of the possible next steps in Figure 3B.

Predictable trends and categorizations of purine variation
sensitivity of the codon triplets

Understanding the compositional dynamics of protein-coding
sequences is of great significance in deciphering underlying
mechanisms of sequence evolution. Towards this end, we have
previously made several attempts to model sequence dynamics
quantitatively. Based on an assumption that mutation and selec-
tion act at the level of nucleotide, our model takes account of di-
verse forces from both mutation and selection at three codon
positions and factors both GC and purine contents as two essen-
tial parameters. As testified on a large collection of species
across three domains of life, our model is capable of quantita-
tively recapturing the compositional dynamics of nucleotides,
codons and amino acids with changing GC and purine contents
[3-6].

Both GC and purine contents are important background
parameters for composition related analyses as we have been
working with a focus on prokaryotes for over a decade
[26-33]. GC content is known to vary in a more dramatic way
ranging from 20% to 80%, whereas purine content fluctuates
narrowly around 50% with a deviation of 10% up and
down [3]. Extensive studies have documented the primary
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A B
AMA(K) | UAA(SY) | GAA(E) | CAA(Q) AAMA(K) | UAA(SH) | GAA(E) | CAA(Q)
AAG (K) | UAG (St) | GAG(E) | CAG(Q) AAG (K) | UAG (St) | GAG(E) | CAG(Q)
AAU(N) | VAU(Y) | GAU(D) | CAU(H) AAU(N) | UAU(Y) | GAU(D) | CAU(H)
AAC(N) | UAC(Y) | GAC(D) | CAC(H) AAC(N) | UAC(Y) | GAC(D) | CAC(H)
AUA () | LA | GUA(W) | CUA() AUA () | VUA(QL) | GUA(V) | CUA(L)
AUG UUG(L) | GUG(Y) | CUG(L) AUG(MW | UUG(L) | GUG(V) | CUG(L)
(M/Sr) Sr)
A | vwuE) | suuw) | cuu) AUU( | Vuu(F) § Guuv) | cuu()
Auc() | vuc() | sucv) | cuc() AUC(l) | UUC(F) | GUC(V) | cucC(L)
AGA(R) | UGA(SH) | GGA(G) | CGA(R) | AGA(R) | UGA(st) | GGA(G) | CGA(R)
AGG(R) | use W) | GGG (G) | CGG(R) AGG(R) | uea (W) | GGG (G) | CGG(R)
AU (8) | veu(c) | sau(e) | caU(R) AcU(S) | uau(c) | sau(B) | CBU(R)
Acc(8) | vec(c) | sac(e) | caC(R) AGC(S) | uec(c) | eeC(G) | CGC(R)
ACA(T) | UCA(S) | GCA(A) | CCA(P) ACA(T) | UCA(S) | GCA(A) | CCA(P)
AcG(T) | uca(s) | cce(a) | cca(p) AcG(T) | uca(s) | cea(a) | cca(P)
ACU(T) | ucu(s) | GCU(A) | ccu(P) ACU(T) | ucu(s) | GCU(A) | ccu(P)
Acc(T) | ucc(s) | scc(a) | ccc(p) AcC(T) | ucc(s) | GCcCc(A) | ccc(P)
C D
AAA (K) UAA (St) 1042(K) | 1019(st) | 1058(E) | 1020(Q)
AAG (K) UAG (St) 1058 (K) | 1036 (St) | 1074 (E) | 1034(Q)
AAU (N) 1020(N) | 996(Y) | 1035(D) | 997 (H)
AAC (N) 1019(N) | 995(Y) | 1034(D) | 995(H)
AUA () 1019 () 966 (L) 1035 (V) 995 (L)
AUG (W/S1) 1033,(“ 1012(L) | 1051(v) | 1011 (L)
UAU (Y) 996 (1) 973(F) | 1012(v) | 972(L)
UAC (V) 995 (1) 972(F) | 1011V | 971(L)
UUA (L) 1058 (R) | 1036(St) | 1074(G) | 1034 (R)
UUG (L) 1074 (R) | 1051(W) | 1090(G) | 1050 (R)
AUU(l) | UUU(F) 1035(8) | 1012(C) | 1051(G) | 1011 (R)
AUC (I) | UUC (F) 1034(S) | 1012(c) | 1050(G) | 1010 (R)
VU (F) | Auu () 1020(T) | 995(8) | 1034(A) | 997(P)
uuC (F) | Auc ) 1034(T) | 1011(8) | 1050(A) | 1010 (P)
UUA (L) 997 (T) 972(8) | 1011(A) | 971(P)
wew 995 (T) 971(S) | 1010(A) | 970(P)
UAU (Y)
UAC (Y)

Figure 1 A display of 64-slot codon table

A. The codons are organized in four different quarters based on GC content variation. Pyrimidine-ending codons are shaded. B. Sequence
complimentary codons in the four quarters are shaded. C. The complementary codons are rearranged to show their mirror images (the top
and the bottom panels). D. Codons are partitioned into high molecular weight and low molecular weight groups (low molecular weight
codons are shaded), based on NMP molecular weight (AMP, 347.2; CMP, 323.2; GMP, 363.2; and UMP, 324.2).
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AAR (K) UAR (SY) GAR(E) | CAR(Q)
AAY (N) UAY (Y) GAY(D) | CAY(H) T

AUR (MIISr)|  UUR(L) GUR(Y) | CUR()

AUY () UuY (F) GUY(V) | cuywm)
AGR(R) UGR (St/W) GGR (G) CGR (R) Pro-robustness
AGY (S) UGY () GGY(G) | CGY(R)
ACR(T) UCR(S) GCR(A) | CCR(P)
ACY(T) ucy (s) GCY(A) | ccY ()
AAR (K) UAR (St) GAR(E) | CAR(Q)
AAY (N) UAY (Y) GAY (D) CAY (H)

AUR (MI'ST) | UUR(L) GUR (V) CUR(L) SUEeh | Soal
AYY () UuY (F) GUY(V) | cuv() S
AGR(R) | UGR(WISt) | GGR(G) | CGR(R)

AGY (S) UGY (C) GGY(G) | CGYR)
ACR(T) UCR (S) GCR(A) | CCR(P)
ACY(T) ucy(s) GCY(A) | ccY(P)

Figure 2 The organization of the genetic code
A. The genetic code is organized in half and half, where the purine-sensitive half encodes more amino acids than the other half, whose cp3
(the third codon position) nucleotides possess diverse physiochemical properties and thus named as the pro-diversity half. The other half,
however, encodes fewer amino acids than the pro-diversity half, whose cp3 nucleotides are not sensitive to compositional changes. B. The
genetic code is partitioned into four quarters: AU-rich, GC-rich, GCpl and GCp2. The GC content sensitive quarters are shaded in

different colors. Sr (start) and St (stop) represent the start and stop signals, respectively.

A
RRR (K) YRR (St)
RRY (N) YRY (Y)
RYR(MSH | YYR(L)
RYY (1) YYY (F)
B
AAR (K) UAR (St) GAR (E)
AAY (N) UAY (Y) GAY (D)
AUR (M'Sr)| UUR(L) GUR (V)
AUY (1) uuY (F) GUY (V)
AGR(R) | UGR(StW) | GGR(G)
AGY (S) UGY(C) GGY (G)

Figure 3  The evolutionary scenarios of the genetic code

A. The assumed early code that encodes 7 amino acids with triple
duplexes, one stop codon, and one start codon. Individual
nucleotide may be not necessary to be distinguished other than
purines (R) and pyrimidines (Y). B. As the emergence of protein
synthesis machinery, the translational machinery may become
more precise so that individual nucleotides are recognized. The
first-phase code (shaded in green) may have expanded into the
second phase where G is involved in protein-coding. Since GU and
AG are involved in splice sites, AGN and GUN (shaded in pink)
may not be part of the second-phase genetic code.

contribution of GC content in codon/amino acid composition
variations [34-36]. However, there is little attention paid to

uncovering the contribution of purine content to composi-
tion variation as it is less impressive than GC content. Of
course, purine content must have its own characteristics
and indispensable influences on compositional dynamics of
codons and amino acids. Most importantly, since purine
content at the second codon position often controls physio-
chemical properties of amino acids, amino acid usage (as
well as the related codon usage) may display unique codon
or amino acid dynamic patterns in terms of the relationship
between mutation and selection, which can be estimated
based on a variety of methods [37—40]. For instance, amino
acids with similar physiochemical properties may exchange
at certain positions through codon-specific relationship to
achieve size variations, such as among hydroxyl group-con-
taining amino acids—Y, T and S, in addition to the largest
group of hydrophobic amino acids that include P, G, A, I,
V, L, F and M. Therefore, it is hypothesized that together
with the changing purine content, some amino acids may
be used at a constant frequency as purine variation-insensi-
tive and others may vary accordingly as purine variation-
sensitive.

To test this hypothesis, let us begin with how codons react
to purine content variations when purine variation sensitivity
is plotted as a function of GC variation (Figure 4). The plots
are more complex than what we anticipated but very charac-
teristic. From this large collection, we observe several obvious
variables. First, the predicted trend, assuming five fixed purine
contents (0.40, 0.45, 0.50, 0.55 and 0.60), provides possible sen-
sitivity and some of the real data are deviated significantly
from the predictions but limited in number. Second, the trend,
where both increase and decrease are obvious as GC content
varies, is mostly definable based on the GC content of the
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AT-rich quarter B GCp1 quarter

0.2 0.2 0.2 0.2

02 04 06 08 1 0

0 1 0 02z 04 06 08 1 0
0.2 0.2 0. 0.2
=2
201 204 04 204
0 1 0 1 0 1 0 1
0.2 0.2 0.7 0.2
o 204 S04
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2

o

0.-2 04 06 08 1 0 1 0 02 04 06 08 1 0
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Figure 4 Codon usage plots based on fixed background GC and purine contents

Purine contents (R) are set from 0.4 to 0.6 (color-coded; red for R = 0.4, green for R = 0.45, yellow for R = 0.5, cyan for R = (.55,
purple for R = 0.6). The genetic code is grouped into four quarters with each having 16 codons including AT-rich quarter (A), GCpl
quarter (B), GCp2 quarter (C), and GC-rich quarter (D). The scattering of the curves indicates sensitivity to purine variation in a context
of GC content increase. Data from each bacterial genome is represented as a single solid circle.
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GCp2 quarter

GC-rich quarter

] 1 1 1
02 02 0.2 02
B4 Boi S04 Soa
0 0.8 1 UU 02 04 06 08 1 uﬂ 08 1 0 02 04 06 08 1
02 02 0.2 02
Bo4 B0
0 02 04 06 08 1 0 02 04 06 08 1
02 02 0.2 02
az -
Bo4 B B0 Bo
0 1 0 1 0 1 0 1
02 02 0.2 0.2
S04 B0 20.1 204
0 02 04 06 08 1 1 0 o0z 04 06 08 1 1
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So4 Soa S04 So4
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<041 o041 Q0.1 o041
0 1 0 02 04 06 08 1 0 02 04 06 08 1 0 0.2 1
GC content

* Observed = Expected (R=0.4) * Expected (R=0.45)

Figure 4

Expected (R=0.5)

(continued)

Expected (R=0.55) ® Expected (R=0.6)
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AAA(K) | UAA(SY | GAA(E) | CAA(Q) |

AM(K) | UAA(SY | GAA(E) | CAA(Q)

AAG (K) UAG (SI) | GAG(E) | CAG(Q)

AAG(K) | UAG(SD | GAG(E) | CAG(Q)

AAU (N) UAU(Y) | GAU(D) | CAU(H)

AU(N) | VAU(Y) | GAU(D) | CAU(H)

AAC(N) | UAC(Y) | GAC(D) | CAC(H)

MC(N) | vac(r) | GACD) | cAc(H)

AUA () | UUA(L) | GUA() | CUAD)

AUA (1) UUA(L) | GUA(V) | CUA(L)

AUG (WSr) [TUDG(D) | GUG(W) | CUG(L)

AUG (WSr) | UUG(L) | GUG(V) | CUG(L)

AUU() | WWU(F) Feuum | cuu)
Auem | vucr [ Gucy) | cucm
AGA(R) | UGA(S) | GGA(G) | CCAGD 1

AUU (1) UUU(F) | BUU(V) | CUU(L)

AUC () UUC(F) | GUC(V) | CUC(L)
—_—
AGA(R) UGA(S§ | GGA(G) | CGA(R)

AGG(R) |ueew) [ GeG(e) | CGG(R)

AGG(R) | UGG (W) | GGG(G) | CGG(R)

AGU(S) | ucu(c) JBBU(G) | CGU(R)
Acc(8) | vec(c) [ eec(6) | ceC(R)

AcU(S) | usu(c) | eauU(E) | ceU(R)
Acc(s) | vecic) | eec@) | cecr)

ACA(T) | uca(s) | Gca(a) | CCAP)

ACA(T) UCA(S) | GCA(A) | CCA(P)

ACG(T) | uce(®) | GCG(A) | cCG(P)
ACU(T) | ucu(s) fecuA | ccuP)
Acc(m) | ucc(s) [ ecc(a) | cceP)

ACG (T) UCG(S) | GCG(A) | CCG(P)
ACU(T) [ ucu(s) | GCU(A) | CCU(P)
ACC(T) | ucc(s) | Gec(A) | ccc(p)

UMA(S) | oAa® | CAA(Q)

uac(s) | cacEe) | cAG(Q)

AAR(K) UAR(SY) GAR (E) CAR(Q)
AAY (N) UAY(Y) GAY(D) | cav(H)

vauy) | eau@) | cAauH)
vacy) | eacm) | cac)

AUR (MA/Sr) UUR(L) I GUR(V) CUR(L)

UUA(L) GUA(V) CUA(L)

we() | cucv) | cuewm)

wuF | euN cUU(L)

UUC (F) GUC (V) CUC(L)

AUY (1) UUY (F) euy( | cur
AGR(RR) | UGRWISY | GGR(G) | CGR(R)
AGY(S) uvey(c) | eav(e) | cev(r)
ACR(T) UCR(S) GCR(A) CCR(P)

ueA@E) [ Gea(G) | CGAR)

ACA(T) ucY(s) GCY(A) | ccy(p)

uceW) | 66G(G) | CEER) E
veu(c) | eeu(e) | coum)
uac(c) | eec(@) | cecr)
ucA(s) | eca@w | cca®
uce(s) | ccen | cceP)
ucu(s) | GCU@ | ccu)
ucc(s) | GCC(A) CCC(P)

w
| (¥l |

| (7] |

W
W

Figure 5  Purine sensitivity of amino acids in a context of GC content variation

A. Nucleotide triplets that are not sensitive to GC content variation (shaded) due to lack of uniformity (all purines and all pyrimidines)
and symmetry (RNR and YNY). B. Nucleotide triplets that have G- or CNG or C and A- or UNA or U (shaded) are assumed purine
variation-insensitive when GC content varies. C. Only uniformity and true symmetric nucleotide triplets (not shaded) are considered
purine variation-sensitive in a context of GC variation. D. The codon table after consolidating the third codon positions into purine and
pyrimidines. The less purine variation-sensitive codons in the AU-rich and GC-rich quarters are shaded in pink. E. A schematic
representation of the codon table after marking the purine variation sensitive-codons (S). Note that the insensitive codons are all in the

diagonal (shaded in grey).

codon endings, e.g., G-ending and C-ending codons increase
as genomic GC content goes up and the opposite trend be-
longs to A-ending or U-ending codons. Third, the trends
have three categories: going with the model calculation,
over-estimation and under-estimation within the purine vari-

ability boundaries. Fourth, the scattering of the data points,
which may reflect the interplay of selective constraints and
mutation pressures, is rather impressive as some of the co-
dons are almost invariable but others tend to go wild. We
categorize the codons, codon sets (within a slot of four)
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0.2 0.2 0.2
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* Observed = Expected (R=0.4) * Expected (R=0.45) Expected (R=0.5) * Expected (R=0.55) = Expected (R=0.6)
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Figure 6 Amino acid usage plots based on fixed background GC and purine contents
Purine (R) contents are set from 0.4 to 0.6 (color-coded; red for R = 0.4, green for R = 0.45, yellow for R = 0.5, cyan for R = 0.55, purple
for R = 0.6). Amino acid frequencies are plotted against GC content. Data from each bacterial genome is represented as a single solid dot.

and amino acids according to predictions and their fit to the We first would like to examine the predicted trends of
real data in two ways. The first way is to examine all plots codons and codon sets rather than amino acids that are sub-
for manual classification, and the second is to use statistics jected for major consideration of selection as one of the key
to set cut-off values for validating the primary observation. variables.
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Purine sensitivities of the 64 codons are essentially parti-
tioned into four purine sensitivity categories including one pur-
ine-insensitive group and three purine-sensitive groups when
uniformity is a sole concern. The purine-sensitive codons
essentially fall into three obvious patterns (Figure 4). The first
or pattern-I, also the most sensitive group of codons, is com-
posed of four and the only four identical triplets (IT): AAA
(K), UUU (F), GGG (G) and CCC (P). The second or the pat-
tern-II is composed of all-purine (RT) and all-pyrimidine (YT)
triplets except the four codons of pattern-1. The third or pat-
tern-III is the all-AU (AT) and all-GC (GT) triplets except
the four identical triplets of pattern-I.

When the observation goes further into the codon slot or
set and within the triplet, we found other relevant patterns
when within-codon symmetry is also concerned. Other than
those overlapping with uniformity, including the RT, YT,
AT and GT groups, we have many codons falling into symme-
try groups, even within codons that are deemed insensitive as
we categorized in this analysis. These symmetric codons are
exceptional, i.e., they behave like the sensitive codons. For in-
stance, within GAR and AGR, the symmetric codons GAG
and AGA definitely have a stronger bias than the asymmetric
codons GAA and AGG, which are perfect for uniformity. Sim-
ilarly, in the YT groups, CUC and UCU are biased more than
CUU and UCC due to the two perfect symmetries.

Among the codons in different patterns, the sensitivities are
also not uniform. We can also examine the details within the 2-
, 3- and 4-fold degenerate codons for each amino acid, where
we categorize the paired purine-ending or pyrimidine-ending
codons within an amino acid-to-codon slot as either R-du-
plexes or Y-duplexes, which are the components of the RT
or YT groups. First, let us look at the trends of codon biases
in the AAN box. There are three distinct patterns. One is
AAA, belonging to pattern-I, also among the stronger; an-
other is AAG, an RT group codon, whose bias is weaker than
that of AAA but stronger than that of AAU that is an AT
group codon. The AAC codon, which does not belong to
any of the sensitivity groups, is a member of the insensitive
group. In addition, since the codon biases are plotted as a
function of GC content change, both the G- and C-ending co-
dons have an up-going trajectory, whereas the AU-ending co-
dons are either flat, near plateau-reaching, or even downward.
Another observation is that the RT codons tend to have a
more scattered biases overall. Similarly, everything in the
UUN, CCN and GGN slots resembles what are in the AAN
slot. Second, let us look at the RT or YT groups. There are
only two RT-groups, AGR and GAR, both of which are ex-
pected to be weaker in the bias as compared to the four IT co-
dons. Third, we have 12 codons in the AT and GT groups with
6 in each. The symmetric rule in the RT and YT groups is also
true in the AT and GT groups, ie., AUA, UAU, GCG and
CGC are more sensitive than the asymmetric codons. Fourth,
as we expected, if nucleotide symmetry is the essential element
of the compositional dynamics, we can also see purine sensitiv-
ities among the insensitive codon groups within each slot that
are overall “insensitive”. For instance, in the CAN slot, CAC
is expected to be sensitive and it is true. Furthermore, we can
also expect that CAU is also sensitive since C and U are both
pyrimidines so that the pyrimidine symmetry in the two posi-
tions is also significant albeit the symmetry of the identical
nucleotide is stronger than CAU, where the symmetry is
YAY. Similarly, in the GUN slot, we can expect that GUG

is more sensitive than GUA, where G and A satisfy purine
symmetry.

There are essentially three parameters we have observed so
far: triplet ending that involves only the cp3 nucleotide, triplet
symmetry that concerns the two flanking nucleotides of the co-
don triplet, and triplet uniformity that reflects the collective ef-
fect covering the entire triplet (Figure 2). Codon ending is
rather straightforward, relevant to either GC or AU contents.
The ultimate uniformity is what of the IT group, followed
by RT and YT groups and ended at AT and GT groups. A
similar “packing order” is predictable under the symmetry
framework: from identical and purine/pyrimidine to AU
or GC at the two codon positions. Under the three
frameworks—codon-ending, uniformity and symmetry—the
defined effects are by and large additive, i.e., the effects under
three frameworks as well as any of the groupings are all
relevant. For instance, the effect of AGA comes from the
RT group under the uniformity framework and ANA under
the symmetry framework.

We now examine the rank of nucleotides in manifesting
purine sensitivity. First, it appears that purines have stronger
influence (of course) than pyrimidines, and this rule is true
for all patterns. However, G and A behave differentially un-
der the two-parameter frameworks: for the IT group, A has
stronger effect than G under the uniformity framework,
and the opposite is seen in the symmetry framework (such
as ANA vs GNG). Second, the trends for U and C are sim-
ilar to the case of A and G under both frameworks. It is
rather clear that the two frameworks have different underly-
ing mechanisms.

Purine variation sensitivity of codon sets and amino acids

Based on the purine and pyrimidine pairing scheme among
codons, we can now look into the organization of purine var-
iation-sensitive and -insensitive codons (Figure 5). We have
16 insensitive codons that do not possess any of the purine
sensitive elements (Figure SA), and if we further ignore GC
content uniformity (i.e., the two flanking nucleotides both
are either AU or GC), exactly half of the codons are either
sensitive or insensitive (Figure 5B). Moreover, if we eliminate
purine or pyrimidine uniformities, only 24 codons are left
sensitive to purine content change (Figure 5C). Once the table
is simplified to show only 36 codon sets, we see a clear pat-
tern now in the GC content variation-insensitive quarters,
GCpl and GCp2 (Figure 5D and E). This pattern fits our
expectation that codons in the GCpl and GCp2 boxes are
not sensitive to GC content variation but the AU-rich and
GC-rich boxes are in general. Of course, other factors may
rise to become dominant.

The amino acids involved in this scheme are: S, T, W, V, D,
L and Q (Figure 6). Significantly, 4 of the 6 serine codons are
all in this category but only 2 of the 6 leucine, one half of the
valine, and one half of the threonine codons are. Surprisingly,
if sensitivity is dominant, there are only three insensitive
amino acids in the entire codon set: W, D and Q. Importantly,
none of them are irreducible since there are functionally and
structurally equivalent amino acids in the table if size is not
set to be very stringent. If we go further, ignoring W, a
single-codon-encoded amino acid, it is very suggestive as why
D and Q are recruited to their current positions in the table.
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Figure 7  Physiochemical properties of valine

The parameters of alanine (red) and leucine are specifically listed for comparative purposes and other amino acids are not indicated for
simplification. All parameters are ranked in a shared order among the parameters, either from small to large or from weak to strong in the
common sense for convenience; some may not be ordered in a “correct way’’ and truly ““shared” by all but the results are not sensitive to it.
All parameters are referenced with keys (abbreviations, last name initials, and last names when single authored papers are quoted) and to
their corresponding literature. A. Some selected physiochemical properties of valine among all amino acids. The property measures and
related references are as follows (from the first row): (1) molecular weight (MW); (2) amino acid composition (%) in the UniProtKB/
Swiss-Prot data bank (release 2011_09); (3) bulkiness [41]; (4) average area buried on transfer from standard state to folded protein [42];
(5) flexibility [43]; (6) polarity [44]; (7) recognition factors [45]; (8) molar fraction (%) of 3220 accessible residues [46]; (9) relative
mutability of amino acids (Ala = 100) [43]; (10) refractivity [47]; (11) conformational parameter for alpha helix (computed from 29
proteins) [48]; (12) normalized frequency for beta-sheet [49] and (13) conformational parameter for beta-turn [50]. B. Different
hydrophobicity measures of valine. The hydrophobicity measures and related references are as follows (from the first row): (1) retention
coefficient in TFA [51]; (2) hydrophobicity scale based on contact energy derived from 3D data [52]; (3) optimized matching
hydrophobicity (OMH) [53]; (4) hydrophobicity (free energy of transfer to surface in kcal/mole) [54]; (5) hydrophobicity scale (pi-r) [55];
(6) hydrophobic constants derived from HPLC peptide retention times [56]; (7) mobilities of amino acids on chromatography paper (RF)
[57]; (8) hydrophilicity [58]; (9) hydration potential (kcal/mole) at 25 °C [59]; (10) hydrophobicity scale based on free energy of transfer
(kcal/mole) [60]; (11) hydrophobicity (delta G1/2 cal) [61]; (12) normalized consensus hydrophobicity scale [62]; (13) hydropathicity [63]
and (14) average surrounding hydrophobicity [64].

Although we are now able to predict purine sensitivity for
each codon, it is still necessary to inspect each amino acid to
see if they actually follow the prediction (Figure 6). The answer
is surprising—not all amino acids follow the prediction. Let us
look at the amino acids that are actually predictable. First, the
two acidic amino acids are rule-followers, where E takes
advantage of both frameworks and GAA and GAG are the
RT and G symmetry groups. Along the same line, we can
see that most of the 8 amino acids encoded by duplex codons

appear to follow the rule quite well except C that is much
weaker than the other 2-fold degenerate codons in the same
class. The exception also suggests other rules to be discovered.
Second, among the eight 4-fold degenerate codons, together
with those from the 6-fold degenerate codons, we have 8 amino
acids: A, G, L, P, R, S, T and V. Isoleucine (I) is a 3-fold
degenerate amino acid but similar to a 4-fold one. In the
cases of 6-fold degenerate amino acids, the trends are
winner-takes-all, i.e., the 4-fold degenerate codons determine
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Figure 8 Purine-sensitive classes of codons and amino acids
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A. The insensitive codons and amino acids are those in the two GC-insensitive quarters and do not possess either uniformity or asymmetry
in their codon triplets (see also Figure 6). Only the amino acids in the GC-insensitive diagonal line are assumed purine-insensitive other
than the codons that fit to symmetric pattern of the triplets: (1) symmetry: CAY, GUR, UGY and ACR; (2) uniformity: AGR, CUY,
AGR and UCY. B. If insensitivity is dominant, the only two 4-fold degenerate amino acids are V and T. C. When a numerical method is
applied, the sensitive (red) and insensitive (blue) classes are defined more precisely between 0.4 and 0.6. D. Similar to what was shown in
panel (C) except the window now is narrower: 0.45 and 0.55. There are several obvious rules. First, the insensitive amino acids are all in the
two GC-sensitive quarters. The only insensitive 4-fold degenerate amino acid is V. Second, the differences between panels (C) and (D) are
two-fold. One is that UCG and AGC in the GCp2 quarter and CAU and GUA in the GCp1 quarter are classified as sensitive; the other is
that two codons—UUU and CCC—become insensitive in the AU-rich and GC-rich quarters, respectively. Third, within the AU-rich and
GC-rich quarters, G/C-ending and A/U-ending determine the sensitivity in the two quarters, respectively. Therefore, uniformity (all three

positions), symmetry (the two flunking positions), and codon ending (cp3) are all relevant to purine sensitivity.

overall trajectories. In this regard, the amino acids with
C-leading codons are all sensitive except the duplex encoding
Q. Similarly, in the U-leading column, not only do all stop codons
reside, but also the rest only contains single-codon-encoded
amino acids, W and C, which are physiochemically unique.
What are left include A, T, V and I, all of which fall into a
category of purine-leading codons, either A- or G-leading.
These 4 amino acids belong to different groups; V and T are
in the GC-invariable quarter (GCp2), whereas I and A are in
the AU-rich and GC-rich quarters, respectively. In this sense,
T and V are the most insensitive amino acids toward composi-
tional variations regardless if the variations are GC or AU.
Therefore, V and T are the most variation-proof amino acids
in the entire collection of the 20 amino acids, although one half
of the codons are predicted weakly sensitive. It is rather clear
that the diagonal rules are universal to all basic units of the
genetic code: sensitivity to purine variations within and across

the quarters (Figure 6). Even when the amino acid as a whole
is considered, the rule is still obvious.

The reasons why amino acids V and T are chosen for the
particular position deserves an in-depth discussion. First, both
amino acids are not the kinds with unique physiochemical
properties; in other words, both have functional supplements
in the code, i.e., S can substitute T and several hydrophobic
amino acids (such as A, I and L) can substitute V, by and large
functionally. If we assume the dominant rule in the four quar-
ters, i.e., the insensitive codons override the sensitive ones in
the GCpl and GCp2 quarters and the sensitive codons over-
ride the insensitive ones in the AU-rich and GC-rich quarters,
there are two other amino acids, L and S, which have codons
that both achieve uniformity and symmetry (CUY and UCY),
so that they remain sensitive to purine changes, albeit in the
insensitive neighborhood. Furthermore, there are three amino
acids containing hydroxyl group, S, T and Y, all of which have
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codons in both the sensitive and insensitive categories. The
trend that amino acids with similar physiochemical properties
tend to spread among different quarters is very obvious. Sec-
ond, V and T are the most insensitive in the two insensitive
quarters due to the fact that their sensitive codons only realize
symmetry but not uniformity (ACR and GUR). Third, aside
from the reason why T and V are chosen to be inflexible for
variability, there is another question—why ACN and GUN?
One seemingly plausible explanation is that both dinucleotides
are involved in RNA splicing and have been used for opera-
tional purposes. There are two essential types of spliceosomal
introns; one is the U2 type and the other is the U12 type. The
U2-type introns have GU-AG (5 and 3') splice sites whereas
Ul2-type introns have AU-AC (5 and 3'). If we refer them
to the primitive splice site, when C is not heavily involved in
any of the biological tracks (informational and operational),
the irreducible splice site must have been GU-RR (GG, AG
and GA when AAN has to encode amino acids). This is a
rather bold assumption where we consider that the genetic
code and the primitive life forms are actually originated and
matured in a eukaryote-like lineage where a relatively complete
compartmentalization has been achieved with a separation be-
tween the nucleus and the cytosol but DNA may have not been
fully utilized as genetic material.

The next question is why valine not other amino acids be-
comes the “chosen one”. We have several arguments according
to the principle [1,2] that the amino acids are fixed in the
canonical table though intensive evolutionary selection at the
dawn of the DNA Era, and it is the collective moderate phys-
iochemical properties that triumph valine to its current posi-
tion (Figure 7). Uniqueness should precede complementation
in the evolution of the genetic code even though reshuffling
may be unavoidable at a time before fixation. The idea of mod-
erateness is also applicable to threonine and perhaps histidine,
in the contexts of hydroxyl group and positive charge, respec-
tively. First, valine is among the small amino acids but smaller
than T and V within the peck (Figure 7A) [41-50]. Second, it is
among the abundant amino acids but less abundant than L, A,
G and S, ranking the fifth. Third, it is the number two ranking
“bulky” amino acid but very moderate in flexibility, polarity
and refractivity, among many other characteristic parameters
of the protein-building amino acid set. Fourth, among the
hydrophobic amino acids, valine is moderate in size, neither
small — as compared to G, P and A — nor large when against
F and L. Although many measurements had been devised in
the past (such as some are size-sensitive and others appear
not), majority of them agree with this point (Figure 7B) [51—
64]. Fifth, when it comes to protein secondary structures, va-
line is strongly pro-beta sheet but also less repelling to alpha
helix. Of course, its avoidance to beta turn is obvious due to
its branched side chain.

The slight variable results from different thresholds

Our manual inspection of the purine variation sensitivity of the
amino acids led to a summary in Figure 8A and B, where the
diagonal rule is obvious. However, eyeballing may not be able
to detect subtleties. To put things in a statistical context, we
adopted the Kolmogorov—Smirnov test, a nonparametric test
for estimating statistical distance between two distributions
and examining whether they are drawn from the same distribu-

tion. If it is true, the K-S distance is small, indicating close
similarity; otherwise, the K-S distance is large if the two distri-
butions are different. Since we have five purine content vari-
ables (0.40, 0.45, 0.50, 0.55 and 0.60), there are accordingly
five distributions for each codon. We have two versions of
the K-S distance estimates between two distributions. One
uses the purine contents of 0.4 and 0.6 (Figure 8C). If one
codon is purine-sensitive (or purine-insensitive), its corre-
sponding K-S distance is relatively larger (or smaller). Based
on the K-S distances, we then use the K-means method to
cluster codon/amino acid compositions into different purine
sensitivity groups. Similar results are obtained when we choose
the two distributions with the purine contents of 0.45 and 0.55
(Figure 8D).

From Figure 8C and D, we have several observations. First,
in the two GC (or AU)-insensitive quarters where some
of the codons or amino acids are actually sensitive to purine
variation, both symmetry and uniformity are at work, and
the narrower distributions appear to give more stringent re-
sults (Figure 8B). There are only two exceptions in the GCp2
quarter when the parameter setting is narrower (Figure §B),
ACA (threonine) and UGU (cystine), both of which
should be purine variation-sensitive but not in the case when
evaluated with the K-means method. Although the opposite
happens in AGC (serine) and UCG (serine) (Figure 8A), they
disappear under more stringent settings. In the GCpl quarter,
we observed that uniformity is dominant over symmetry
(Figure 8). Second, when we look at the AU-rich and GC-rich
quarters, the trend is rather clear-cut: the insensitivity is related
to codon ending, i.e., when codons are in the AU-rich quarter,
those ending with A or U are insensitive but those ending with
G or C are sensitive. And the opposite is true for codons in the
GC-rich quarters. When we examine the exceptions between
the two-parameter settings, the conclusion is that symmetry
dominates uniformity. Therefore, all the rules are by and large
definable, depending on the weight placement on codon end-
ing, uniformity or symmetry; all are involved. Third, all 6-fold
degenerate amino acids — L, S and T — have their codons in the
purine variation-sensitive category. Fourth, valine is the only
4-fold degenerate amino acid that has all its codons in the
insensitive category, aside from the three 2-fold degenerate
amino acids Q, H and D, as we can easily learn by visual
inspection.

Deviations from the predicted values and possible interpretations

On the one hand, compositional dynamics of codons reflects
how mutation pressure is eliminated to the minimum through
the organization of the codons or genetic code, and the compo-
sitional dynamics of amino acids. On the other hand, compo-
sitional dynamics of codons responds to selective pressure,
exhibiting how selection is at work through the relatedness
of physiochemical properties of the amino acids that are
mostly related in one aspect or another. The over-estimations
or under-estimations of purine content sensitivities of the 20
amino acids are very characteristic of such dynamics (Figures
4 and 6).

Among the 6-fold degenerate amino acids that are all
sensitive to purine variation, S is the most insensitive with very
tight distributions (Figure 6), as both L and R are rather
GC-sensitive, belonging to AU-rich and GC-rich in part,
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respectively. The most biased estimates are what for V and A;
the former is one of the GCp1 amino acids and the latter is one
of the GC-rich amino acids (Figure 6). The curves and plots
indicate that the sensitivities of V to purine variation are
mostly underestimated and those of A are mostly overesti-
mated regardless of CG content changes. The codons of these
two amino acids are also easily convertible to each other
through a single transition event from T to C (GTN for V to
GCN for A). The interpretation here is that there are always
fewer valines and more alanines (A) than what we anticipate.
Similar conversions are from V to M and I, and the trends
are consistent with our explanations. Aside from hydrophobic-
ity shared by these two amino acids, the differences are obvi-
ous. First, V-to-A or A-to-V exchanges promote size change
that is very common for proteins to alter their functions or
properties in some very subtle ways. Second, V is beta-sheet-
prone but A is alpha-helix-prone in general, similar to L; other
two 6-fold degenerate amino acids, S and R, are turn-prone
and no-preference, respectively [49]. Therefore, V represents
a unique physiochemical property in connecting amino acids
that are capable of inter-conversion to achieve diversity in pro-
tein secondary structures. Third, there are more connections
regarding to the measures of amino acid residues, such as sur-
face area and volume [65], and what are in the GCpl quarter
are either similar in surface area or in volume, which are rather
unique as we have not seen similar features in any of the other
three quarters.

The biased purine sensitivities upon GC content variation
are most likely contributed by both selection and mutation,
which manifest as exchangeability of the amino acid residues
in proteins. For instance, both C and H are under-estimated
and the residues of these two amino acids in proteins may be
negatively selected when mutation drives become dominant
to convert them to R and Y, for instance. Another example
is the case of over-estimated amino acids, such as A, Q, K
and E. Other than A, which may related to the hydrophobic
group as a whole, the rest of them are all critical for catalytic
roles so that they may be subjected to constant positive or neg-
ative selections.

Conclusion

Once the table and codons are in the correct order, the charac-
teristics of the genetic code become obvious. We have three
essential overall organizational schemes: the one-to-four, the
half-half, and the diagonal. The first partitions GC change sen-
sitivity into four quarters, the second divides purine change
sensitivity into halves, the pro-diversity half and the robustness
half, and the third plots out scenarios of purine-sensitive and
-insensitive codons and amino acids in their diagonals, which
are closely related to triplet codon structural elements—ending,
symmetry and uniformity. These characteristics and organiza-
tional features all appear operationally defined.

Genetic code has two build-in logics. One is mutation-cen-
tric and the other is selection-centric. In the mutation-centric
logic, DNA or nucleotide sequence is assumed to vary freely
according to Darwinian ideas. However, mechanisms of muta-
tion occurrence may not be as straightforward as we have
wished, and the results of in-depth analyses suggested a
possibility of Lamarckian contributions [66-73]. In the
selection-centric logic, amino acid or protein sequence varies

according to nucleotide variation but sometimes is selected
by external forces when the number of individuals in a
population, possessing either advantageous or disadvanta-
geous mutations, changes toward either maxima or minima.
How the sequence changes at these two levels related to each
other is determined by the relationship specified by the table
and the functional context of the encoded proteins and their
structural alterations. In addition, selection may work on
non-coding sequences or sequence elements [74-78]. Therefore,
such natures of the genetic code also support an operational
origin.

The extension of the genetic code from its prototype to mat-
uration is still an unsettled mystery but it might have gone
through some step-wise scenarios [1,2], since the significant
part of the code is believed to be operationally defined, so have
tRNAs and their AARS been by and large believed as opera-
tionally flexible [18]. What is striking here is the fact that valine
is placed at a unique position as the only 4-fold degenerate
amino acid with a codon set of GUN. We have previously
hypothesized that the reason why the GUN codon set was
not used by the early code is due to its involvement in splice-
osomal intron splicing as discrete sequence signal for the splice
site that is still used by all eukaryotes that have intron-split
genes. Therefore, we are cornered to believe that the origin
of life started as a unicellular eukaryote-like organism with
RNA splicing as one of the major cellular operational machin-
eries where the genetic code was also born in a step-wise way.
Nevertheless, the notion may have its scientific ground as evi-
dence is emerging that the boundaries between RNA and
DNA genomes [79] and between prokaryotes and eukaryotes
may one day disappear [80]. Regardless what have been
debating on the origin of life on earth, there are three minimal
elements for the origin of life: macromolecules, compartmen-
talization and homeostasis that makes molecules, large or
small, moving among the compartments in an organized
fashion in the primordial Darwin’s warm little pond [81].
However, we are far from painting the right pictures,
let alone understanding it.

Materials and methods

We retrieved bacterial genome sequences from National Cen-
ter for Biotechnology Information (NCBI) at ftp://ftp.ncbi.
nlm.nih.gov/genomes/Bacteria/. In order to ensure a sufficient
sample size for calculating codon and amino acid composi-
tions, we excluded bacterial chromosomes with <64 protein
coding sequences. Bacteria with alternative genetic codes
were also removed from this study. As a result, we obtained
a total of 686 bacterial genome sequences. For each species,
all protein-coding sequences were concatenated into a single
contiguous sequence excluding stop codons, and observed
codon and amino acid compositions were calculated from each
concatenated sequence.

Based on our previous study for modeling compositional
dynamics of protein-coding sequences [3—6], expected codon
and amino acid compositions were quantitatively derived from
background nucleotide contents (viz., GC and purine con-
tents). The parameter settings for examining purine content
sensitivity were: GC content ranging from ~0.2 to ~0.8 and
purine contents were fixed at five different purine contents
for each dataset: 0.40, 0.45, 0.50, 0.55 and 0.60.
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