Evolucion del codigo genético
Uso de codones: dialectos geneticos
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Figure 3-15. The transfer of information from DNA to protein. The transfer proceeds by means of an RNA
intermediate called messenger RNA (mRNA). In procaryotic cells the process is simpler than in eucaryotic cells.
In eucaryotes the coding regions of the DNA (in the exons,shown in color) are separated by noncoding regions
(the introns). As indicated, these introns must be removed by an enzymatically catalyzed RNA-splicing reaction

to form the mRNA.
© 1994 by Bruce Alberts, Dennis Bray, Julian Lewis, Martin Raff, Keith Roberts, and James D. Watson.
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Figure 9-1. Comparison of bacterial operons and simple eukaryotic transcription units. (a) The trp operon in the E. coli
genome contains five genes (A — E) encoding enzymes required for synthesis of tryptophan. A control region located near
the start site regulates transcription of the entire operon, which yields an 7-kb polycistronic mRNA. A mutation within the
transcription-control region (a) can prevent expression of all the proteins encoded by the trp operon. In contrast, a mutation
within any one gene of an operon (e.g., b in the trpA gene) generally affects only the protein encoded by that gene (TrpA
protein). (b) A simple eukaryotic transcription unit includes a region that encodes one protein, extending from the 5' cap site
to the 3' poly(A) site, and associated control regions. Intron sequences, which lie between exons, are removed during
processing of the primary transcripts and thus do not occur in the functional monocistronic mMRNA. Dashed lines indicate
spliced-out introns. Mutations in a transcription-control region (a, b) may reduce or prevent transcription, thus reducing or
eliminating synthesis of the encoded protein. A mutation within an exon (c) may result in an abnormal protein with
diminished activity. A mutation within an intron (d) that introduces a new splice site results in an abnormally spliced mRNA
encoding a nonfunctional protein.
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Figure 3-10. (a) Transcriptional and translational landmarks in a eukaryotic gene with two introns. (b)
Processing of the transcript to make mRNA.

© 1999 by W. H. Freeman and Company.
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Splicing Signals

Intron 1 Intron 2

Exon 1 GT AG| IExon2 |GF AG [Eixon 3

Exons are interspersed with introns and
typically flanked by GT and AG
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Figure 4-15. The organization of genes on a human chromosome. (A) Chromosome 22, one of the smallest human chromosomes,
contains 48 x 10° nucleotide pairs and makes up approximately 1.5% of the entire human genome. Most of the left arm of
chromosome 22 consists of short repeated sequences of DNA that are packaged in a particularly compact form of chromatin
(heterochromatin), which is discussed later in this chapter. (B) A tenfold expansion of a portion of chromosome 22, with about 40
genes indicated. Those in dark brown are known genes and those in light brown are predicted genes. (C) An expanded portion of (B)
shows the entire length of several genes. (D) The intron-exon arrangement of a typical gene is shown after a further tenfold expansion.
Each exon (red) codes for a portion of the protein, while the DNA sequence of the introns (gray) is relatively unimportant. The entire
human genome (3.2 x 10° nucleotide pairs) is distributed over 22 autosomes and 2 sex chromosomes (see Figures 4-10 and 4-11).
The term human genome sequence refers to the complete nucleotide sequence of DNA in these 24 chromosomes. Being diploid, a
human somatic cell therefore contains roughly twice this amount of DNA. Humans differ from one another by an average of one
nucleotide in every thousand, and a wide variety of humans contributed DNA for the genome sequencing project. The published
human genome sequence is therefore a composite of many individual sequences. (Adapted from International Human Genome
Sequencing Consortium, Nature 409:860-921, 2001.)
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(A) Substitution o - (C}) ‘Insertion

Thr  Tyr Leu Leu T Tys Leu Leu
ACC TAT TTG CTG ACC TAT TTG CTG
ACC TCT TTG CTG © ACC TAC TIT. GCT G--
Thr Ser Lleu Leu = Thr Tyr Phe Ala
(B) Deletion , (D) Inversion
Thr Tyr Leu Leu The Tyr Leu Leu
~ACC TAT TTG CTG ACC TAT, TTG CTG
ACC TAT TGC TG- ACC TIT ATG CTG
Thr  Tyr Cys Thr Phe Met Leu

Ficure 1.2. Four basic types of mutation at the nucleotide level. Nucleotide

sequences are presented in units of codons or nucleotide tripletsin order to

show how the amino acids encoded are affected by the nucleotide changes. The : S
nucleotides affected by the mutational changes are shown in baldface. : . <« Pyrmidines

‘ .
At > G

Purines

Figure 1.3. Transitional (A= G and.T ~C) and transvetsional (others) nucleotide
substitutions. « and B are the rates of transitional and transversional substitu- -
tions, respectively.
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Reading frames:

Human interferon— induced (2’ -3" Joligof{a) sunthetase, mBHA

o | ) | |
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1 TTTCGGACGGTCTTGGAATTAGTCATAAAL
F AR T U L E L U I H
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Reading frames:

FranePlot 2,1 - {c) 1996-1998, ISHIKAHA Jun

Target: HSG32KDAP 3762 bp; 65.9% G+C {dashed line}
Hindow: 48, Step: 5, Start codon [>1: ATG
Hinimnun ORF: 28, Date: Jul 13 11:55:18 1998

1: IO > > 00D - B0 1 1 N O O O
2: >HID——1 | I I I | | I |
3: >0 > Al I l 1 1>—>—
1: < H—X | | << 1l
z: K IH 11 1K «—< | I K— I O I I
3: L1l I 1 1l l I 1€ <

5 Jacu]Jusu][uval[caal[auu]a- mRNA

—Ala [ CysLeu—Arg[ lle —— Polypeptide

5 —glcuul[euuljuac] |Gaal[uual—

—LeuH Val H Tyr HGluHLeu}|—

Figure 4-21. Example of how the genetic code — an overlapping, commaless
triplet code — can be read in two different frames. If translation of the mRNA
sequence shown begins at two different upstream start sites (not shown), then
two overlapping reading frames are possible; in this case, the codons are shifted
one base to the right in the lower frame. As a result, different amino acids are
encoded by the same nucleotide sequence. Many instances of such overlaps
have been discovered in viral and cellular genes of prokaryotes and eukaryotes.
It is theoretically possible for the mRNA to have a third reading frame.
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=51l Genetic Code Viewer

TRANSLATION ., The Genetic Codes
ACTION _ Compiled by Anc_irzej (Anjay) Elzanows_ki and Jim Ostell
Shiow | _Pamet | National Center for Biotechnology Information (NCBI), Bethesda,

Maryland, U.S.A.

VIEWER RESULTS
2nd

http://www.ncbhi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cai

1st T [+ A G 3rd
F Phe S Ser Y Tyr C Cys
T F Phe S Ser Y Tyr C Cys
L Leu S Ser Ter Ter
L Leu S Ser Ter W Trp
L Leu P Pro H His R Arg
: Liz = FFLLSSSSYY+*+*CC*WLLLLPPPPHHQORRRRIIIMTTTTNNEESSRRVVVVALLADDEEGGGS
L Leu P Pro H His R Arg
C L - oo - starts = - --M—0----—----—————- - -
- o . & Easel = TTTTTTTTTTTTTTTTCOCCOCCOCOOCOOCCAARAARARRARDRDDAGGGGEGEEGEEGGEGE

L Leu P Pro QGIn R Arg
I'lle T Thr N Asn S Ser
I'lle T Thr N Asn S Ser
I lle T Thr K Lys R Arg

M Met TThr K Lys R Arg

V Val A Ala D Asp G Gly

V Val A Ala D Asp G Gly

V Val A Ala E Glu G Gly

V Val A Ala E Glu G Gly

TTTTCC AR GG GG TTTTCCCC AL AR GGGGTTTTCCCCARRARGGGETTTTCCCCARALGEGG
TCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAG

Basel
BEasel

Q0 A& P 0 A6 » 0 A6 P[0
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EvolMol_DNA.ppt

Table 3.2. Examples of deviations from the standard genetic code

Organism Codon Should code for |Actually codes for
Mitochondrial genomes
Mammals UGA Stop Trp

AGA, AGG Arg Stop

AUA Ile Met
Drosophila [ UGA Stop Trp ]

AGA Arg Ser

AUA Ile [Met
Saccharomyces cerevisiae [ UGA Stop Trp ]

CUN Leu Thr

AUA Ile Met
Fungi UGA Stop Trp
Maize CGG Arg Trp
Nuclear and prokaryotic genomes
Several protozoa UAA, UAG Stap Gln
Candida cylindracea cuG Leu Ser
Micrococcus sp. AGA Arg Stop

AUA Ile Stop
Euplotes sp. UGA Stop Cys
Mycoplasma sp. UGA Stop Trp

| cec Arg Stop ]

Context-dependent codon reassignments
Various UGA Stop Selenocysteine

Abbreviation: N, any nucleotide.
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AGA LA AGC

A5G (L AL
GCA CGA GGA CLLA CCA LUCA  ACA GILEA
GCC CGC [ELET™ alla  Cuc GO woh ACC GLC Lhas,
GCG CGG GAaC sAaC UGC GAA CAA GGG CaC AUC CUG  Aals Ui oG ucG ACG uac  GUG LALG
GCU o ChGU GAL Aall GL GaGg CaG GGU Call o Al Uy aad  AUG UL OO uUfy AL UGG uall Guu LGA
Ala g A B '!.:',':-: Glu Gln ; ¥ His I Lid Lys BAar Pl P SaEr Thr I rie 11,-'r Wal Shan
M R 0 M C E 4] G H | L K M F P 5 T W by W

Figure 6-50. The genetic code. The standard one-letter abbreviation for each amino acid is presented below its
three-letter abbreviation (see Panel 3-1, pp. 132-133, for the full name of each amino acid and its structure). By
convention, codons are always written with the 5'-terminal nucleotide to the left. Note that most amino acids are
represented by more than one codon, and that there are some regularities in the set of codons that specifies
each amino acid. Codons for the same amino acid tend to contain the same nucleotides at the first and second
positions, and vary at the third position. Three codons do not specify any amino acid but act as termination sites
(stop codons), signaling the end of the protein-coding sequence. One codon—AUG—acts both as an initiation
codon, signaling the start of a protein-coding message, and also as the codon that specifies methionine.
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Medidas de sesgo en el uso de codones

RSCU (Relative Synonymous Codon Usage):

RSCU = X . /X

X . Numero observado de un determinado tipo de codon
i

X Media de X; en el grupo sin6nimo

Es decir, RSCU es la frecuencia observada de cada codon dividida por la
frecuencia esperada, suponiendo un uso de codon aleatorio
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Phe UUU | 15 (0.51)
~uuC | 44 (1.49)
Leu UUA 2 (0.07)
UUG| 8 (0.27)
Leu CUU [ 11 (0.36)
CUC | 18 (0.60)
CUA | 1 (0.03)
CUG | 141 (4.67)
lle AUU | 29 (0.69)
AUC | 98 (2.31)
AUA 0 (0.00)
Met AUG | 60 (1.00)
(Val GUU| 55 (1.53)\
GUC | 21 (0.58)}
GUA | 34 (0.94)
GUG| 34 (0.94)
\ J

Ser UCU
uCC
UCA
UCG

Pro CCU |

cce
CCA
‘cce

Thr ACU
ACC
ACA
ACG

Ala GCU

GCC

GCA
GCG

32 (1.86)
38 (2.21)
2 (0.12)
5 (0.29)

9 (0.48)
0 (0.00)
11 (0.59)
55 (2.93)

19 (0.78)

63 (2.57)

3 (0.12)

13 (0.53)

30 094)

19 (0.59)

30 (0.94)

49 (1.53)]

Tyr UAU
UAC
Ter UAA

Ter UAG

His CAU
- CAC
Gin CAA

“eas |
4 (0.11)

66 (1.89)|
77 (1.35)
37 (0.65)|

Asn AAU
AAC
Lys AAA
AAG

Asp GAU

GAC
Glu GAA
GAG

18 (0.64)

38 (1.36)

" 5:(0.36)
23 (1.64)

15 (0.34)

73 (1.66)

60 {0.83)
85 (1.17)

147 (1.52)]

46 (0.48)

Cys UGU 5 (1.00)
UuGcC 5 (1.00)
Ter UGA
Trp UGG 8 (1.00)
Arg CGU | 89 (3.93)
CGC | 46 (2.03)
CGA 1 (0.04)
CGG 0 (0.00)
SerAGU| 3 (0.17)
AGC | 23 (1.34)
Arg AGA 0 (0.00)
AGG 0 (0.00)
GlyGGU| 78 (2.40)
GGC| 47 (1.45);
GGA 0 (0.00)
GGG 5 (0.15)

Ficure 1.4. Codon frequencies observed in the RNA polymerase genes (rpo B and
D genes) of the bacterium Escherichia coli. The codons optimal for the transla-
tional system are shown in boldface. Relative synonymous codon usages (RSCU)
given in the parentheses were computed by Equation (1.1). Data from tkemura

(1985).
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Escherichia coli K12 [gbbct]: 5054 CDS's (1603901 codons)

fields: [triplet] [frequency: per thousand] ([number])

UUU 22.4( 35930) UCU 8.5( 13633) UAU 16.3( 26180) UGU 5.2( 8306)
UUC 16.6( 26609) UCC 8.6( 13783) UAC 12.3( 19675) UGC 6.4( 10330)
UUA 13.9( 22279) UCA 7.1( 11438) UAA 2.0( 3244) UGA 0.9( 1448)
UUG 13.7( 22000) UCG 8.9( 14305) UaG 0.2¢ 365) UGG 15.3( 24553)

CUU 11.0( 17707) cCCUu 7.0( 11291) CAU 12.9( 20686) CGU 21.0( 33711)
cCuC 11.0( 17715) ccC 5.5( 8861) CAC 9.7( 15595) cCGC 22.0( 35311)
CUA 3.9( 6182) cCCA 8.5( 13664) CAA 15.5( 24787) CGA 3.5( 5668)
CUG 52.8( 84714) CCG 23.3( 37316) CAG 28.8( 46256) CGG 5.4( 8631)

AUU 30.4( 48766) ACU 8.9( 14303) AAU 17.6( 28256) AGU 8.7( 13976)
AUC 25.0( 40097) ACC 23.4( 37495) AAC 21.7( 34752) AGC 16.0( 25716)
AUA 4.3( 6866) ACA 7.0( 11267) AAA 33.6( 53920) AGA 2.1( 3291)
AUG 27.8( 44539) ACG 14.4( 23056) AAG 10.2( 16370) AGG 1.2( 1949)

GUU 18.4( 29487) GCU 15.3( 24609) GAU 32.2( 51670) GGU 24.9( 39862)
GUC 15.2( 24406) GCC 25.5( 40914) GAC 19.1( 30559) GGC 29.4( 47212)

GUA 10.9( 17443) GCA 20.3( 32529) GAA 39.6( 63484) GGA 7.9( 12696)
GUG 26.2( 42097) GCG 33.7( 53984) GAG 17.8( 28529) GGG 11.0( 17628)
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Mycoplasma capricolum [gbbct]: 32 CDS's (10000 codons)

fields: [triplet] [frequency: per thousand] ([number])

UUU 41.4( 414) UCU 16.3( 163) UAU 30.0(¢( 300) UGU 6.3( 63)
UuC 3.5( 35) UCC 0.4(¢ 4) UAC 5.5( 55) UGC 0.6( 6)
UUA 64.3( 643) UCA 22.5( 225) UAA 2.1( 21) UGA 6.2( 62)
uuGc 4.7( 47) UCG 0.4(¢ 4) UAG 1.1(¢ 11) UGG 0.4/ 4)
Cuu 7.2(¢ 72) CCU 9.7( 97) CAU 9.7( 97) CGU 4.7( 47)
Cuc 0.3¢ 3) CCC 0.8(¢( 8) CAC 4.5( 45) CGC 0.6( 6)
CUA 9.9(¢ 99) cCca 17.0¢( 170) CAA 36.9( 369) _CGA 0 3( 3)
CUG 0.4( 4) CCG 0.3(¢ 3) CAG 1.4(¢ 14) | CGG  0.0( 0)

AUU 70.5( 705) ACU 31.8( 318) AAU 58.2( 582) AGU 19.1( 191)
AUC 6.8( 68) ACC 1.8(¢ 18) AAC 10.4( 104) AGC 2.2( 22)
AUA 19.3( 193) ACA 19.6( 196) AAA 89.6( 896) AGA 20.8( 208)
AUG 21.6( 216) ACG 0.3(¢ 3) AAG 10.0(¢ 100) AGG O0.7¢( 7)

GUU 48.4( 484) GCU 37.3( 373) GAU 50.1( 501) GGU 28.9( 289)

GUC 1.2(¢ 12) GCC 1.4(¢ 14) GAC 5.5(¢( 55) GGC 1.5(¢( 15)
GUA 16.3( 163) GCA 21.9( 219) GAA 61.6( 616) GGA 24.1( 241)
GUG 2.1( 21) GCG 0.7( 7) GAG 4.4( 44) GGG 2.5( 25)
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Micrococcus luteus [gbbct]: 40 CDS's (12070 codons) fields: [triplet]
[frequency: per thousand] ([number])

Uuu 5.5( 66) UCU 2.4 29) UAU 5.6( 68) UGU 1.1(¢( 13)
uuc 27.2( 328) UCC 24.8( 299) UAC 19.9(¢ 240) UGC 4.7( 57)
UUA 7.0( 85) uUcCA 3.1( 37) UAA 0.5( 6) UGA 2.5(¢( 30)
UuG 3.2( 39) UCG 12.2( 147) UAG 0.3( 4) UGG 10.2( 123)

CUU 2.8 ( 34) ccu 3.6( 43) CAU 4.8( 58) CGU 9.9( 120)
cuc 29.6( 357) CCC 16.6( 200) CAC 18.4( 222) CGC 46.5( 561)
CuA 1.1( 13) CCA 2.3 28) caA 3.7( 45) _CGA 1.6/ 19)
CUG 44.6( 538) CCG 25.1( 303) CAG 32.7( 395) | CGG 16.9( 204)

AUU 6.5( 79) ACU 4.0 48) AAU 8.6( 104) AGU 4.3( 52)
AUC 36.5( 440) ACC 35.9( 433) AAC 23.4( 282) AGC 6.4( 77)
AUA 3.6( 43) ACA 3.7( 45) AAA 10.0( 121) AGA 2.2( 26)
AUG 21.2( 256) ACG 19.1( 231) AAG 34.7( 419) AGG 2.3( 28)

GUU 3.6/ 44) GCU 4.7( 57) GAU 10.4( 126) GGU 11.6( 140)
GUC 30.7( 370) GCC 51.9( 626) GAC 50.5(¢( 610) GGC 55.8( 673)
GUA 3.1( 38) GCA 6.5( 78) GAA 9.1( 110) GGA 4.0(¢( 48)
GUG 44.2( 533) GCG 29.7( 358) GAG 60.5( 730) GGG 11.1( 134)

Coding GC 64.34% 1lst letter GC 64.75% 2nd letter GC 43.64% 3rd letter GC 84.65%
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Evolucion del codigo: hipotesis de la captura de codones
(Osawa y Jukes, J. Mol. Evol. 28: 271-278, 1989)

« Un codon, y el ARNt con su correspondiente anticodén, dejan de usarse en un
determinado genoma. Su funcién pasa a ser ejercida por otros codones
sindbnimos - No hay cambios en las proteinas

* El codon perdido puede entonces reaparecer, pero cambiando de sentido, es
decir, siendo capturado para especificar un nuevo aminoacido o sefial de stop

 Analogias con el lenguaje humano

Figure 1. Summary of genetic code changes. Unchanged codons
are in black. Blue: only mitochondria; green: bacteria, eukaryotes
or mitochondria; red: yeast cytoplasm and mitochondria. The blue
asterisk indicates the CGN codons which may be unassigned in
yeast mitochondria. (Adapted from Miranda ez a/ 2006).
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Escherichia coli K12 [gbbct]: 5054 CDS's (1603901 codons)

fields: [triplet] [frequency: per thousand] ([number]) Saccharomyces cerevisiae [gbpln]: 14288 CDS's (6465088 codons)

fields: [triplet] [frequency: per thousand] ([number])

UUU 22.4( 35930) UCU 8.5( 13633) UAU 16.3( 26180) UGU 5.2( 8306)  ——==— == === == — = e e e e e e

UUC 16.6( 26609) UCC 8.6( 13783) UAC 12.3( 19675) UGC 6.4( 10330) = -----—--

UUA 13.9( 22279) UCA 7.1( 11438) UAA 2.0( 3244) UGA 0.9( 1448)

UUG 13.7( 22000) UCG 8.9( 14305) UAG 0.2¢( 365) UGG 15.3( 24553) UUU 26.1(168775) UCU 23.4(151438) UAU 18.8(121495) UGU 8.1( 52260)
UUC 18.4(119114) UCC 14.2( 91850) UAC 14.8( 95577) UGC 4.8( 30777)

CUU 11.0( 17707) CCU 7.0( 11291) CAU 12.9( 20686) CGU 21.0( 33711) UUA 26.2(169106) UCA 18.7(120621) UAA 1.0( 6722) UGA 0.7( 4290)

CUC 11.0( 17715) ccC 5.5( 886l1) CAC 9.7( 15595) CGC 22.0( 35311) UUG 27.2(175659) UCG 8.6( 55453) UAG 0.5( 3261) UGG 10.4( 67292)

CUA 3.9( 6182) CCA 8.5( 13664) CAA 15.5( 24787) CGA 3.5( 5668)

CUG 52.8( 84714) CCG 23.3( 37316) CAG 28.8( 46256) CGG 5.4( 8631) CUU 12.3( 79344) CCU 13.5( 87427) CAU 13.7( 88416) CGU 6.4( 41509)
CUC 5.4( 35146) CCC 6.8( 43975) cCAC 7.8( 50319) CGC 2.6( 16766)

AUU 30.4( 48766) ACU 8.9( 14303) AAU 17.6( 28256) AGU 8.7( 13976) CUA 13.4( 86423) CCA 18.2(117957) CAA 27.3(176427) CGA 3.0( 19326)

AUC 25.0( 40097) ACC 23.4( 37495) AAC 21.7( 34752) AGC 16.0( 25716) CUG 10.5( 67725) CCG 5.3( 34258) CAG 12.1( 78500) CGG 1.7( 11280)

AUA 4.3( 6866) ACA 7.0( 11267) AAA 33.6( 53920) AGA 2.1( 3291)

AUG 27.8( 44539) ACG 14.4( 23056) AAG 10.2( 16370) AGG 1.2( 1949) AUU 30.1(194778) ACU 20.2(130796) AAU 35.7(230875) AGU 14.2( 91537)
AUC 17.1(110835) ACC 12.7( 82141) AAC 24.9(160782) AGC 9.7( 62908)

GUU 18.4( 29487) GCU 15.3( 24609) GAU 32.2( 51670) GGU 24.9( 39862) AUA 17.8(115045) ACA 17.8(114774) AAA 41.9(270571) AGA 21.3(137700)

GUC 15.2( 24406) GCC 25.5( 40914) GAC 19.1( 30559) GGC 29.4( 47212) AUG 21.0(135823) ACG 8.0( 51640) AAG 30.8(199364) AGG 9.2( 59768)

GUA 10.9( 17443) GCA 20.3( 32529) GAA 39.6( 63484) GGA 7.9( 12696)

GUG 26.2( 42097) GCG 33.7( 53984) GAG 17.8( 28529) GGG 11.0( 17628) GUU 22.0(142417) GCU 21.2(136804) GAU 37.6(242880) GGU 23.9(154471)

GUC 11.7( 75894) GCC 12.6( 81452) GAC 20.2(130681) GGC 9.8( 63318)
GUA 11.8( 76018) GCA 16.2(105001) GAA 45.6(294953) GGA 10.9( 70558)
————————————————————————————————————————————————————————————————————————— GUG 10.8( 69512) GCG 6.2( 40093) GAG 19.2(124242) GGG 6.0( 38969)

55.82% e

------- 38.12%
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http://gcua.schoedl.de/compare.html

An Empirical Comparison of Distance Matrix Techniques for Estimating
Codon Usage Divergence

David A. Morrison, John Ellis, Alan M. Johnson

Tg I-—'——“‘———‘-

I 1 ] ¥ I T I T I

— ,
0.0 20 4.0 B.0 B.O 100 12.0
Chi—sqguare distance

Fig. 1. MMDS ordination (a) and UPGMA clustering (b} of the Api-
complexa data using the chi-square association as an estimate of
codon usage divergence among the taxa, Taxon codes are Babesia bo-
vis (Bb), Babesia rodhaini (Br), Eimeria renella (Et), Plasmodium fal-
ciparum (Pf), Theileria annulata (Ta), Theileria parva (Tp), Toxo-
plasma gondii (Tg).

J Mol Evol (1994) 39:533-536 |

José L. Oliver
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RATES AND PATTERNS OF NUCLEOTIDE SUBSTIPUTION 35

{a) Escherichia coli . (b) Saccharomyces cerevisiae
lkemura, 1981,1985 4 | & o T :
g 08 % E- 08 :.14_5\'
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FIGURE 413 Diagram illustrating the relationship between the relative frequency
of codon usage for leucine (open bars) and the relative abundance of the corre-
sponding cognate tRNA species (gray bars) in (a) Escherichia coli and (b} the yeast
Saccharomyces cerevisiae. The plus signs between codons indicate that the two
condons are recognized by a single tRNA species {e.g., both CUC and CUU in E.
coli are recognized by tRNAI™ ),
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The Three Roles of RNA in Protein Synthesis

Ribosome
[AMA + protein)

Growing
polypeptide
chain
Ve
tRNA
TRMAY fR R
leaving 11 CAG
- cet aa; tRNA;
m \ arriving
5 | T O | 3

Mowvement

f ribosome
NN NS N N NS N
Codon Codon Codon Codon Codon Codon Codon

ddy ddg ddy HAdy ddg ddg ddy

Figure 4-20. The three roles of RNA in protein synthesis. Messenger RNA (mRNA) is
translated into protein by the joint action of transfer RNA (tRNA) and the ribosome, which
is composed of numerous proteins and two major ribosomal RNA (rRNA) molecules.
[Adapted from A. J. F. Griffiths et al., 1993, An Introduction to Genetics Analysis, 5th ed.,
W. H. Freeman.]
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{a}

Amino acid
{alanineg)

Acceptor stem

tRNA anticodon loop -

O loop

Figure 4-26. Structure of tRNAs. (a) The primary structure of yeast alanine tRNA (tRNAAla), the first such
sequence determined. This molecule is synthesized from the nucleotides A, C, G, and U, but some of the
nucleotides, shown in red, are modified after synthesis: D = dihydrouridine, | = inosine, T = thymine, Y =
pseudouridine, and m = methyl group. Although the exact sequence varies among tRNAs, they all fold into four
base-paired stems and three loops. The partially unfolded molecule is commonly depicted as a cloverleaf.
Dihydrouridine is nearly always present in the D loop; likewise, thymidylate, pseudouridylate, cytidylate, and
guanylate are almost always present in the TYCG loop. The triplet at the tip of the anticodon loop base-pairs with
the corresponding codon in mRNA. Attachment of an amino acid to the acceptor arm yields an aminoacyl-tRNA. (b)
Computergenerated three-dimensional model of the generalized backbone of all tRNAs. Note the L shape of the
molecule. [Part (a) see R. W. Holly et al., 1965, Science 147:1462; part (b) from J. G. Arnez and D. Moras, 1997,
Trends Biochem. Sci. 22:211.]
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Presion mutacional Mycoplasma Escherichia Micrococcus
capricolum coli luteus

AT ¢mm)GC oo, ¥ v ¥

60 1

40{

Codon GC content (%)

201

20 30 4 50 60 70 80
K o " Genome GC content (%) '

Figure 1.5. Iielationships of the total genome GC content and the GC contents of
first, second, and third nucleotide positions of genes from 11 different bacterial
species, of which three species names are given. Modified from Muto and Osawa
(1987). | - g
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MOLECULAR BASIS OF EVOLUTION

Table 1.5 Relative synonymous codon usage (RSCU) in bacteria (E. coli), yeast (S.
cerevisiae), fruit fly (D. melanogaster), and human.

Bacteria Yeast Fruitfly »~  Human

Amino
Acid Codon  High® Low? High Low High Low | G+C°  A+T¢
Lew  UUA 0.06 124 . 049 . 149 003 062 | 0.05 0.99
UUG. 007 087 53¢ 148 069 1.05 | 031 -~ 1,01
CUU 0.13 0.72 0.02 073 025 0.80 | 0.20 1.26
cuc 047 0.65 0.00 051 072 090 | 1.42 0.80
CUA 0.04 0.31 0.15 095 006 060 | 015 057
CUG 554  2.20 002 084 425 204 | 3.88 1.38
Val GUU 241 108 ~ 207 113 056 0.74 | 0.09 1.32
GUC 008 099 1.91 0.76 159 093 | 1.03 0.69
GUA 112  1.63 0.00 118 006 053 | 0.11 0.80
GUG 0.40 1.29 002 093 179 1.80 | 278  1.19
lle AUU 0.48 1.38 1.26 1.29 074 127 | 045 1.60
AUC 251 112 1.74 066 226 095 | 243  0.76
AUA .~ 001 0.50 0.00 1.05 000 078 | 012 - 0.64
Phe UUU- 034 1.33 0.19 1.38 012 086 | 027 1.20
' uuc 1.66 0.67 1.81 062 188 114 | 173 0.80

Source: Modified from Sharp st al. (1988). '
Note: Codons with the hlghest usage in the High genes and their correspondmg usages in the Low genes are
shown in boldface.

aHigh denotes genes with high levels of gene expression.
bLow denotes genes with low levels of gene expression.
“In humans, “G + C” refers to genés in GC-rich regions.
9In humans, “A + T” refers to genes in AT-rich regions.
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Evolucion Molecular

Codon Optimization

Optimization Parameters

OptimumGene™ algorithm optimizes a variety of parameters that are critical to transcription, translation and

protein folding:
Transcriptional Efficacy:

GC content

CpG dinucleotides content
Cryptic splicing sites
Megative CpGislands

Translation Efficiency:

« Codonusage bias
« GC content

« MRMNA secondary structure
+ Premature PolyA sites

Protein Refolding:

#« Codonusage bias
« nteraction of codon and anti-codon

50 sequence
TATA boxes
Terminal signal

RMA instability motif (ARE)
Stable free energy of mRMNA
Internal chi sites and ribosomal
binding sites

+ Codon-context

RMA secondary structures

José L. Oliver
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» Significant Increase Drug Target Proteins Expression Level in E.cofi.

Figures below manifested the effectiveness of the OptimumGene™ technology in increasing drug target proteins expression levels for
two different genes expressed in E.coli.

Expression Results of Protein a

=]
W

Optimized by
Wi Optimized by  GenScript's Mative Sequence 30 4
Induction Competitor GA  OptimumGene™ WO Optimization
1 r 1 r 1 T 1 M 35

=

-
=

w

KDy
450 [ |
75
50

-
- :

Fig. 2. GenScript's OptimumGene™ codon optimization delivered 10 times higher expression level for protein a compared to
non-optimized native gene sequence. The expression level was 3 times more than that from Competitor GA’s optimization method.

Protein Expression Level (mg/L)

=]
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Evolucion del codigo y estructura
composicional del genoma: isocoras
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GC content varies across genomes
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ISOCHORES >300 Kb
(. Bernardi | Gene 247 7 20000 3-17

L H2 L Hl L H3
I Y ==

Degradation during DNA preparation Isochores:
long DNA segments (>>300 kb on average) fairly

homogeneous in GC content above a scale of 3 kb

DNA fragments (ca. 100 Kb)

EmjmmiEmis || | [mm] | |[Ssiesieslw ]
L L-H2 H2 L Hl L L L-H3H3

Fig. 1. {Top) Scheme of the isochore organization of the human
genome. This genome, which is typical of the genome of most mam-
mals, is a mosaic of large (=300 kb, on average) DNA segments. the
isochores, which are compositionally homogeneous (above a size of
3 kb) and can be partitioned into a number of families. Isochores are
degraded during routine DNA preparations to fragments of approx.

GCrange 30-60%

PEEPE TSN NPT T ST SN NNU TN WA S N (S SN SAT NN MUY WU AN NSRS |

10 3 L 100 kb in size. The GC-range of the isochores from the human genome
- is 30-60% (from Bernardi, 1995). ( Bottom) The CsCl profile of human
S _- DNA is resolved into its major DNA components, namely the families
& é of DNA fragments derived from isochore families L (i.e.. L1+4L2),
= E HI1. H2, H3. Modal GC levels of isochore families are indicated on
g = the abscissa (broken vertical lines). The relative amounts of major
é ] DNA components are indicated. Satellite DNAs are not represented
A E (from Zoubak et al.. 1996).
2 44
5
U 3
= ;
2
0+
30
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Fig. 2. Compositional patterns of vertebrate genomes. Histograms
showing the relative amounts, modal buoyant densities and modal GC
levels of the major DNA components (the families of DNA fragments
derived from different isochore families: see Fig. 1): from Xenopus.
chicken, mouse and man, as estimated after fractionation of DNA by
preparative density gradient in the presence of a sequence-specific
DNA ligand (Ag™ or BAMD). Satellite and minor DNA components
(such as ribosomal DNA) are not shown. (Modified from Bernardi.
1995.)
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The evolution of isochore

patterns in vertebrate genomes

Maria Costantini, Rosalia Cammarano and Giorgio Bernardi’

BMC Genomics 2009, 10:146 doi:10.1186/1471-2164-10-146

Distribution of isochores according to GC levels.
The histograms show the distribution (by weight; see
Text) of isochores as pooled in bins of 0.5% GC from
chimpanzee, dog, mouse, opossum and platypus. Total
amounts of sequences are calculated from the sums of
iIsochores; colors represent the five isochore families.
Values at minima were split between the two
neighbouring families (histogram bars with mixed
colors). A comparable plot for the human genome [3] is
reported for the sake of comparison.
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G. Bernardi / Gene 276 (2001) 3-13 7
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Fig. 5. Identification of the GC-poorest and the GC-richest chromosomal bands. Human karyotype at a resolution of 850 bands per haploid genome showing the

ct somal bands c ining the GC-poorest (blue bars on the right of each chromosome) and the GC-richest isochores (red regions inside the chromo-
somes). The grey scale of the G bands is according to Francke (1994). The GC-richest isochore bands are from Saccone et al. (1999). (From Federico et al.
(2000).)
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ISOCHORES >300 Kb
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Fig. 4. Isochore chromosome maps of the longest contig in the human chromosome complement. The October 2001 freeze of NCBI contigs was used.
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Caracteristicas bioldgicas que dependen de la isocora:

Densidad de genes, islas CpG y transposones (Alus, LINES)

Bandas cromosdmicas G/R

Frecuencia de recombinacion

Longitudes de genes e intrones

Patrones de metilacidon

Especificidad tisular de la expresion génica
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