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Prokaryotic genetic code
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Summary. The prokaryotic genetic code has been influenced by directional mutation pressure (GC/AT pressure) that
has been exerted on the entire genome. This pressure affects the synonymous codon choice, the amino acid composi-
tion of proteins and tRNA anticodons. Unassigned codons would have been produced in bacteria with extremely high
GC or AT genomes by deleting certain codons and the corresponding tRNAs. A high AT pressure together with
genomic economization led to a change in assignment of the UGA codon, from stop to tryptophan, in Mycoplasma.
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Introduction

This article reviews the current status of the prokaryotic
genetic code from the standpoint of comparative usage of
codons and anticodons, on a phylogenetic basis. Empha-
sis has been laid on the role of directional mutation pres-
sure on the code, and on a codon reassignment in My-
coplasma. Other important topics such as the use of
UGA for selenocysteine, tRNA identity, suppressors,
context effects, etc. are not included. For these, readers
should refer to other articles in this volume or elsewhere.

GC-contents of bacterial genomes

A phylogenetic tree of representative groups of organ-
isms constructed using 5S rRNA sequences suggests that
eubacteria first separated from the metabacteria/eukary-
otes branch®. Several major groups of eubacteria exist
which seem to have diverged in different directions in the

Genome GC%-

early stages of bacterial evolution. Halobacterium, Ther-
moplasma, Sulfolobus, the methanogens, etc. (metabacte-
ria or archaebacteria) form a unique group among the
prokaryotes. These bacteria and eukaryotes separated
after the eubacterial emergence . Among eubacteria,
the mean GC-contents of genomic DNA varies from
25% to 75%. The gram-negative bacteria and the gram-
positive bacteria diverged first. Among the gram-positive
bacteria, those with a low genomic GC-content such as
Bacillus subtilis (GC: 43%), and Mycoplasma spp.
(— 25%) are phylogenetically close, whereas those with
a high genomic GC-content, such as Micrococcus luteus
(74 %), and Streptomyces griseus (73 %), comprise anoth-
er phylogenetic group. These two groups separated long
ago. The gram-negative bacteria with intermediate GC,
such as Escherichia coli (50%), Serratia marcescens
(58 %), etc. belong to the common gram-negative branch
(fig- 1)°.
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Figure 1. Phylogenetic tree of 5S rRNAs of representative eubacteria.
Dnuc, relative evolutionary distance. Redrawn from Hori and Osawa®.
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Metabacteria may be classified into several groups; Sul-
Jfolobus and the methanogens are usually low in genomic
GC (30—40 %), while the genomes of Halobacterium spp.
are rich in GC (63-67%)°.

There is an argument that high genomic GC-content is a
result of non-directional (random) mutations, followed
by positive selection by temperatiire, because GC-pairs
are more stable than AT-pairs in DNA* 7. However,
this possibility is not very likely. Many GC-rich bacteria
including M. luteus are not thermophilic, while a series of
thermophiles has low GC-genomes. The genomic GC-
contents are closely related to phylogeny and not to ther-
mophilicity, at least in prokaryotes.

These variations in genomic GC-contents have been sug-
gested to result from directional mutation pressure acting
on the whole genome towards AT predominating over
GC (AT-pressure), or towards GC predominating over
AT (GC-pressure)'® 22 2° It must be remembered, how-
ever, that GC/AT pressures are changeable upon, e.g.,
alteration of DNA duplication systems. This in turn ex-
plains why genomic GC-content varies in different phy-
logenetic lines.

The directional mutations are subject to selective con-
straints that generally eliminate functionally deleterious
changes by negative selection. A certain fraction of non-
deleterious mutations are then fixed in the population
due to random genetic drift'8. Thus, functionally less
important parts of the genome evolve faster than more
important parts. For a given species, GC/AT pressure
changes the GC-content of various parts of the genome
in the same direction, but to different extents, depending
on their functional importance.

The GC-content of DNA is influenced by genes that
are responsible for DNA replication. One example is the
mut-T gene in E. coli®. It specially induces A:T —» C:G
transversions. Two genes in E. coli, mut-M and mut-Y,
generate G:C — T:A transversions > 23, Evidently, there
is enough variation in DNA-polymerase systems to
provide for directional mutation pressure that will decide
the base composition of DNA at various levels of GC-,
content.

Codon usage

The GC-content of the first, second and third codon
positions of various bacterial species, when plotted
against the corresponding genome GC-contents, reveals
a linear positive relationship with genomic GC-contents,
which has a different steepness of slope in the rank order
of the third, first and second positions >”. The most strik-
ing observation is that the GC-content of the third posi-
tion varies linearly from about 10% in Mycoplasma
capricolum to more than 90 % in Micrococcus luteus. The
fact that the correlation in the third position is strongest
may be largely the result of GC/AT pressure, since the
third positions and some of the first positions of codons
are often synonymous between U and C, between A and
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Table 1. Amino acid compositions of ribosomal proteins in the spc oper-
on of Mycoplasma capricolum, Escherichia coli, and Micrococcus luteus

M. capricolum E. coli M. luteus
Amino acids Mole % Mole % Mole %
Phe 3.3 3.0 2.7
Leu 7.2 6.6 6.9
ile 8.3 6.6 4.8
Met* ’ 1.4 2.7 1.4
Val 85 9.6 10.6
Ser 6.1 4.2 4.4
Pro 3.4 33 41
Thr 6.5 49 6.9
Ala 73 10.7 9.5
Tyr 1.6 2.7 1.6
His 1.2 1.2 1.5
Gin 34 3.2 4.1
Asn 4.3 3.7 2.6
Lys 13.5 9.1 8.6
Asp 3.2 42 3.2
Glu 6.3 3.7 3.7
Cys 0.08 0.43 0.09
Trp 0.25 0.17 0.25
Arg 5.2 7.6 8.5
Gly 8.4 10.3 10.5
Total No. (1222) (1154) (1181)
of codons

Significantly increased and decreased amino acids in M. luteus as com-
pared with E. coli/M. capricolum are underlined and hatched, respec-
tively.

* Initiation codons are excluded.

G, or between U, C, A and G. This means that the
percentage of G + C can range from 40% to 73 % with-
out any effect on amino acid content, simply by the
selection of synonymous codons for amino acids ending
in one case in U and A, and in the other case in C and
G4

Sueoka 2%, before the genetic code was known, explored
the relationship between GC-content of DNA and amino
acid composition of total protein in a wide variety of
bacterial species with GC in DNA ranging from 35% to
72%. Alanine and glycine were higher and isoleucine and
tyrosine were lower in bacteria with a high GC-content
than in their counterparts with low GC. This reflects the
GC-content of the codons. This, in turn, means that
directional mutation pressure also affects the amino acid
composition of proteins. Its effect is exerted on amino
acids in near-neutral sites in the protein molecule.

The average amino acid composition of eight ho-
mologous ribosomal proteins between Mycoplasma
capricolum (genomic GC: 25%), E. coli (GC: 50%) and
Micrococcus luteus (GC: 74%) (table 1) shows that the
contents of phenylalanine, isoleucine, asparagine, and
lysine decrease significantly with increasing genomic
GC-content. These amino acids are assigned by codons
which have A or U both at the first and second positions
(UUY, AUY/A, AAY, and AAR, respectively; Y:U or
C; R:A or G). On the other hand, the contents of amino
acids assigned by codons having G or C both at the first
and second positions, such as proline (CCN), alanine
(GCN), arginine (CGN), and glycine (GGN), tend to
increase with increasing genomic GC-content. Increases
of valine and aspartic acid along with an increase in
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Table 2. Anticodons in eubacteria and mitochondria

Experientia 46 (1990), Birkhduser Verlag, CH-4010 Basel/Switzerland

1099

L E M mt L E M mt L E M mt L E M mt
Phe(UUU) Ser(UCU) Tyr(UAU) Cys(UGU)
GAA GAA GAA GAA GAA GAA GUA GUA GUA GUA GCA GCA GCA GCA
Phe(UUC) Ser(UCC) Tyr(UAC) Cys(UGC)
UGA UGA
Lew(UUA) — UAA UAA Ser(UCA) —* A —(UAA) Trp(UGA) UCA
UAA UucA
Lew(UUG) CAA CAA CAA Ser(UCG) CGA CGA —(UAG) Trp(UGG) CCA CCA CCA
Lew(CUU) Pro(CCU) His(CAU) Arg(CGU)
GAG GAG GGG GGG GUG GUG GUG GUG
Len(CUC) Pro(CCC) His(CAC) Arg(CGC) ICG ICG ICG
UAG UAG UGG UGG U/ACG
Lew(CUA) UAG UAG Pro(CCA) —* UGG GInCAA) —  UUG Arg(CGA)
uuG UuUG
Len(CUG) CAG CAG Pro(CAG) CGG CGG GIn(CAG) CUG CUG Arg(CGG) CGG CCG —
Tle(AUU) Thr(ACU) AGU Asn(AAU) Ser(AGU)
GAU GAU GAU GAU GGU GGU GUU GUU GUU GUU GCU GCU GCU GCU
Tle(AUC) Thr(ACC) Asn(AUC) Ser(AGC)
— UGU UGU
{le(AUA) -~ LAU LAU Thr(ACA) UGU UGA Lys(AAA) —* UUU UUU Arg(AGA) — UCU
CAU Uuu UCu UCU
Met(AUG) CAU CAU CAU Thr(AUG) CGU CGU Lys(tAAG) CUU CUU CUU Arg(AGG) CCU CCU
Val(GUU) Ala(GCU) Asp(GAU) Gly(GGU)
GAC GAC GGC GGC GUC GUC GUC GUC GCC GCC
Val(GUC) Ala(GCC) Asp(GAC) GIY(GGC)
UAC UAC UGC UGC UcCc ucc
Val(GUA) — Ala(GCA) —* GIGAA) —* Gly(GGA) UCC UCC
UAC uGe yuc uucC uuc
Val(GUG) CAC Ala(GCG) CGC GIW(GAG) CUC Gly(GGG) CCC CCC

Modifications of the anticodon first nucleoside are not indicated except for L, 2-lysyl-C (Ile) and I, inosine (Arg). L, Micrococcus luteus (unpublished);

E, Escherichia coli (from ref. 19); M, Mycoplasma capricolum (from ref.

1); mt, fungal mitochondria (cited in ref. 1).

—, Neither tRNA nor the codons were found (probably unassigned codons); Not all anticodons were determined in L. —*, tRNA was not found, but
may exist, because small amounts of the corresponding codons are used. In mt, both AUA and AUG = Met. In L and E, UGA = stop.

genomic GC-content are largely due to the conservative
replacement of isoleucine (AUY/A) by valine (GUN),
and of asparagine (AAY) by aspartic acid (GAY), respec-
tively 24,

Anticodons of tRNA

Table 2 includes the anticodons in the eubacterial and
mitochondrial codes as found or predicted in Micrococ-
cus luteus, E. coli, Mycoplasma capricolum, and fungal
mitochondria (Andachi et al.! and unpublished data). In
table 3 are shown the known anticodons for Halobacteri-
um spp. and methanogens2’. The anticodon list is vari-
able for different classes of bacteria. As discussed below,
this variability is the result of the evolution of anticodons
mainly as a result of GC/AT pressure, in response to the
codon choice pattern.

The anticodon of a tRNA molecule pairs by hydrogen
bonding with a codon in mRNA. Pairing between the
second and third positions of anticodons with the second
and first positions of codons follows the usual rules of A
pairing with U and G with C. Crick 7 proposed that there
is some play, or ‘wobble’ between the first anticodon base
and the third codon base during pairing. As a result,
anticodon GNN pairs with codon NNU as well as with
codon NNC (N: U, C, A or G). Crick” also proposed
that U pairs with A and G; I (inosine) with U, C and A;
C only with G, and A, which is very rare in first anti-

codon positions, with U. Inosine occurs at the first anti-
codon position only in ICG for the arginine ‘family box’
in'eubacteria. In addition, it is now evident that unmod-
ified U pairs with all four bases, U, C, A and G in third
positions of codons and that various modifications of U
occur that restrict its pairing?”. Codon-anticodon pair-
ing rules in prokaryotes as deduced from table 1 are
shown in figure 2.

A striking feature of the genetic code table is the presence
of eight ‘family boxes’ in which four codons are assigned
to the same amino acid. These eight family boxes are
each potentially translatable by a single anticodon with
the gencral formula UNN. This form of translation takes
place in Mycoplasma® and some mitochondria ®. In other
bacteria, there is more than one anticodon per family
box. One modification of U, **U, which is a 5-hydroxy-
uridine derivative (xo°U) pairs with A, G and U3?. An-
ticodons UNN and **UNN occur only in family boxes,
and never in two-codon sets, because NNY and NNR in
two-codon sets code for different amino acids. Reading
of both NNY and NNR by a UNN or *UNN anti-
codon results in ambiguity of the NNY codons.

Twelve two-codon sets are not in family boxes. These sets
end either in a pyrimidine (Y: U or C) or in a purine (R:
A or G). Since NNY and NNR code for different amino
acids, a distinction must be made between NNY codons
pairing with anticodon GNN, and NNR codons pairing
with anticodon UNN in this case, the first anticodon
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Table 3. Known anticodons in metabacteria
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H M H M H M H M
Phe (UUL) Ser (UCU) Tyr (UAU) Cys (UGU)
GAA GAA GGA GUA GUA GCA
Phe (UUC) Ser (UCC) Tyt (UAC) : Cys (UGC)
Leu (UUA) UAA Ser (UCA) Stop (UAA) Stop (UGA)
Leu (UUG) CAA Ser (UCG) CGA Stop (UAG) Trp (UGG) CCA
Leu (CUU) Pro (CCU) His (CAU) Arg (CGU)
GAG GGG GUG GUG GCG
Leu (CUCQC) Pro (CCC) His (CAC) Arg (CGC)
Leu (CUA) UAG Pro (CCA) UGG Gln (CAA) Arg (CGA) UCG
UAG UGG UuG
Leu (CUG) NAG Pro (CCG) CGG Gln (CAG) CUG Arg (CGG) CCG
Ile (AUU) Thr (ACU) Asn (AAU) Ser (AGU)
GAU GGU GGU GUU GUU GCU
Ile (AUC) Thr (ACC) Asn (AAC) Ser (AGC)
Tle (AUA) NAU CAU  Thr (ACA) Lys (AAA) UuvU Arg (AGA)
UGU Uuuu UGU
Met (AUG) CAU Thr (ACG) CGU Lys (AAG) cuu Arg (AGG)
Vat (GUU) Ala (GCU) Asp (GAU) Gly (GGU)
GAC GGC GUC GUC GCC GCC
Val (GUC) Ala (GCC) Asp (GAC) Gly (GGC)
Val (GUA) Ala (GCA) uGeC Glu (GAA) uuc Gly (GGA) UCC
UAC UGcC uucC
Val (GUG) CAC Ala (GCG) CGC Glu (GAG) cucC Gly (GGG) CCC
Halobacterium spp; M, methanogens: all anticodons are from Methanococcus spp. except GCC glycine which was reported only from Methanobac-
terium.
Family boxes uridine (mem>U) or a 2-thiolated uridine derivative 3.
Codon  Anticodon Codon  Anticodon  Codon  Anticodon  Codon  Anticodon 1 hese derivatives, especially the last one, pair strongly
NNU NNU GNN NNU . I ACU—AGU with A and only poorly with G. Because of the weak
NNC~y oy | NNC NNC—INN |  OWoomsmal  pairing ability of *U with G, NNR two-codon sets are
NNA NNA—Z*UNN | NNA 'l sometimes translated by two anticodons; the G-termi-
NNG NNG = CNN | NNG —CNN ; nated codon mainly by the anticodon CNN, and the

(Mt & Mycoplasma)

(Bacteria & Gly GGN
in eukaryotes)

(Eukaryotes & Arg
CGN in eubacteria)

Two-codon sets Isoleucine Tryptophan
Codon Anticodon | Codon Anticodon Codon Anticodon
NNU —_ AUU UGG —CCA
NNC — GNN AUC > GAU {All except mt & Mycoplasma)
NNA —UNN | AUA —LAU
NNG r_:_CNN (Bacteria) UGA\*UCA
an .. UGG - -~
Methionine (Mt & Mycoplasma)
AUG CAU

(Al organisms)

Figure 2. Codon-anticodon pairing rules. N: U, C, A or G; *U: 5-car-
boxymethylaminomethyl-uridine (cmnm®U), 5-methyl-2-thiouridine de-
rivative (xm’s?U), or 2-O-methyluridine (Um); **U: 5-hydroxyuridine
derivative (x0°U); L: 2-lysyl cytidine (lysidine); I: inosine. ----- : weak
pairing. Drawn mainly from table 1 of Osawa and Jukes?”.

nucleotide, U, must be modified to prevent mispairing
with NNY codons. In consequence, the U in all UNN
anticodons in two-codon sets is modified. The seven
pyrimidine-terminated sets are each translated by a single
GNN anticodon, as discussed above. The five sets that
end with purines are UUR, CAR, AAR, GAR and
AGR, and they can each pair in translation with an
anticodon *U, where *U is S5-carboxymethylamino
methyluridine (cmnm>U), 5-methoxycarbonylmethyl-

A-terminated codon by the anticodon *UNN. The ap-
pearance of the anticodon *UNN in a family box is not
harmful, as long as a GNN anticodon exists. In fact,
tRNA with anticodon cmnm®U is present in the glycine
family box of Bacillus subtilis 2.

The isoleucine codon AUA in bacteria pairs with the
anticodon *CAU, in which *C is 2-lysyl cytidine (ly-
sidine: L)?1:33,

The anticodon composition of Halobacterium spp. re-
sembles the eubacterial code except for the absence of
1CG and the presence of GCG and UCG. Since no CNN
anticodons (except CAU) are included among the 17
known anticodons for methanogens, it seems likely that
methanogens avoid the use of CNN anticodons?”.

As seen in table 4, a higher GC-content of bacteria is
accompanied by an increase in GC in silent positions of
codons, and since CNN anticodons translate only NNG
codons, one would expect more CNN anticodons in bac-
teria with a higher GC-content. This is the case (table 2):
E. coli (GC: 50%) has 12 CNN anticodons, and Thermus
thermophilus (GC: 69%) has three more anticodons
(CAC, CUU and CUCQ) that are not found in E. coli.
This would also be the case in M. luteus (GC: 74%).
B. subtilis (GC: 43 %) has at least 6 CNN anticodons and
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Table 4. Codon usage in Micrococcus luteus, Escherichia coli and Mycoplasma capricolum

L E M L E M L E M L E M
UUU((Phe) <1 19 39 UCU(Ser) 1 1 16  UAU(Tyr) <1 14 25 UGU(Cys) <1 4 6
UUC(Phe) 31 17 4 UCC(Ser) 30 10 <1  UAC(Tyr) 25 14 4 UGC(Cys) 4 6 1
UUA(Leu) 0 10 64  UCA(Ser) <1 6 25  UAA(Stop) - - - UGA(Stop) — - 6*
UUG(Lew) 1 11 3 UCG(Ser) 13 7 1 UAG(Stop) - - - UGG(Trp) 4 11 1
CUU(Leu) <1 9 5 CCU(Pro) 2 6 10 CAU(His) 1 11 11 CGU(Arg) 10 28 8
CUC(Leu) 35 9 0 CCC(Pro) 17 3 <1  CAC(His) 18 11 3 CGC(Arg) 50 21 1
CUA(Len) 0 3 10 CCA(Pro) <1 7 18 CAA{Gln) 0 13 38 CGA(Arg) 1 3 <1
CUG(Leu)y 50 57 <1 CCG(Pro) 27 25 <1 CAG(Gln) 39 31 1 CGG(Arg) 15 4 0
AUUIle) <1 26 70 ~ ACU(Thr) 1 1 30 AAU(Asn) 1 15 65  AGU(Ser) <1 6 17
AUC(le) 53 30 8  ACC(Thr) 43 24 1 AAC(Asn) 28 25 11 AGC(Ser) 4 15 3
AUA(le) 0 3 16 ACA(Thr) <1 6 22 AAA(Lys) <1 38 107  AGA(Arg) 0 1 28
AUG(Met) 22 26 22 ACG(Thr) 23 11 <1  AAG(Lys) 51 12 10 AGG(Arg) 2 1 <1
GUU((Val) <1 23 42 GCU(Ala) 2 19 33 GAU(Asp) 3 31 43 GGU(Gly) 9 31 26
GUC(Val) 44 14 1 GCC(Ala) 54 23 <1  GAU(Asp) 51 23 4  GGC(Gly) 68 31 1
GUA(Val) 0 13 23 GCA(Ala) 32 21 GAA(Gl) <1 46 55 GGA(Gly) 2 5 29
GUG(Val) 52 25 2 GCG(Ala) 28 23 1 GAG(Glu) 73 19 4  GGG(Gly) 9 9 2

The numbers show the codon usage in the protein genes expressed in frequency per one thousand codons. < 1 represents the codon frequency less
than 0.4, L, Micrococcus luteus (from ref. 24); E, Escherichia coli (from ref. 2); M, Mycoplasma capricolum (from refs 1, 25). ¥ UGA is Trp codon in

M. capricolum. .

Mycoplasma capricolum (GC: 25%) has only five. Evi-
dently AT pressure leads to a decrease in CNN anti-
codons, and CNN anticodons increase with GC pressure.
This holds in metabacteria. Thirteen CNN anticodons
have been found in Halobacterium spp. (GC: 63%)
and only one in methanogens (GC: 30 %), although two
more (CAU and CCA) may be presumed to exist in
methanogens 27,

Increases in GNN and CNN anticodons by GC-pressure
would give more redundancy to the code and probably
more fidelity in translation. Under extremely high GC-
pressure, anticodon *U/**UNN or LAU (isoleucine) is
reduced to trace amounts or becomes non-existent as a
result of the decrease/disappearance of the correspond-
ing NNA/NNU and AUA codons, respectively, as a re-
sult of GC-pressure. As GC-content decreases, GNN
anticodons in family boxes also diminish in numbers, but
they are necessarily retained in the other boxes for pair-
ing with two-codon NNY sets. The eight family boxes in
the E. coli code have 7 GNN anticodons, but these GNN
anticodons are absent from Mycoplasma capricolum and
a single UNN anticodon, the first nucleotide U, unmod-
ified, pairing with four codons, is present in 6 of the 8
locations * (table 2).

The M. capricolum genome seems to have discarded the
genes for many tRNAs, and those for many enzymes for
tRNA nucleoside modifications, owing to the constraints
for economizing its genome, which have resulted in the
undermodified tRNAs'. Interestingly, Acholeplasma
laidlawii, a member of the class Mollicutes, into which
Mycoplasma is also classified, uses GNN anticodons
together with **UNN anticodons in family boxes (un-
published). Since the genome size of 4. laidlawii is twice
that of Mycoplasma, the unique anticodon usage in
Mycoplasma would have resulted from the genome econ-
omization that occurred in the Mycoplasma lineage after
separation from the Acholeplasma lineage.

Mitochondrial tRNAs have several characteristic fea-
tures resembling M. capricolum tRNAs. Most mitochon-
dria (mt), except for green plants, use single UNN anti-
codons in all eight family boxes (table 2). Thus, the
genomes of mt and mycoplasmas seem to have developed
under similar evolutionary constraints, gene economiza-
tion and AT-pressure, resulting in the similarities in their
tRNAs.

Role of GC/AT pressure in species-specific codon usage

The codon usage or synonymous codon choice in
prokaryotes reflects the GC-content of the genome as a
whole as noted above. Another factor that affects the
codon usage is the constraint imposed by tRNA.

It has been generally believed that the selective use of
synonymous codons is influenced by tRNAs and is corre-
lated with the degree of expression level of the genes. This
phenomenon is seen in bacteria with a moderate genomic
GC-content such as E. coli. Ikemura!® has shown that
the highly-expressed genes of E. coli reveal strongly bi-
ased codon usage of alternative synonymous codons,
while the weakly expressed genes are less biased. For
example, the NNU/C codons in two-codon sets are
translated by a single anticodon GNN throughout bacte-
ria and its pairing efficiency may be only somewhat bet-
ter with the NNC codon than with NNU. Thus, in highly
expressed genes of E. coli and B. subtilis, more NNC
codons are chosen than NNU as a result of selection
pressure by GNN anticodons to increase translation effi-
ciency. On the other hand, there is no such demand for
weakly expressed genes. Then the NNU to NNC ratio
would not be affected by tRNAs and would be largely
determined by mutation pressure. As shown in figure 3,
there is a gradient of the NNC-contents of all the NNU/
C-type two codon sets, decreasing from highly to weakly
expressed genes, and reaching a ‘bottom’~value of 40 %
on average in E. coli and 34% in B. subtilis. The ‘bot-



1102 Experientia 46 (1990), Birkhéuser Verlag, CH-4010 Basel/Switzerland Reviews
fl:g% Phe UUY Tyr UAY His CAY Asn AAY Asp GAY Cys UGY
°
° o ® *
1 e ° b o °
| L4 ° L4 L AP )
J L [ ] o
01 . e ___ee_ ____ P AL S S .
- F e R e LN -
OYHHWML R
G%  Lys AAR Glu GAR Gin CAR
100
R [ ]
J °
°
*®
] L ]
501 =cuu —CucC +CUG
1 L3
1 L ]
1e®00®|q®®
OV AMLR

Figure 3. Codon usage in two-codon sets of various classes of genes in
Escherichia coli. VH: very highly expressed genes; H: highly expressed
genes; M: moderately expressed genes; L: genes expressed at a low level;
R: regulatory genes expressed at a very low level. Dashed line: the aver-

tom’-value would thus represent the approximate degree
of directional mutation pressure 2°,

Generally speaking, the synonymous codon choice of the
weakly expressed genes is much less affected by tRNA
than that of the highly expressed genes, owing to a relax-
ation of selection by tRNA, but this does not mean that
the silent positions are all free from such selection pres-
sure. For example, in both E. coli and B. subtilis, contents
of NNG codons in NNA/G-type two-codon sets (AAR
lysine, and GAR glutamic acid) are less than 35% when
translated by a single anticodon *UNN, regardless of
expression levels*® (fig. 3). The NNG content in E. coli
is much less than that of GC-contents of whole genome
(50%) or that of spacer regions (47 %), suggesting the
presence of ‘negative’ selection by *UNN anticodons to
use fewer NNG codons than NNA throughout the genes.
This would be because anticodon *UNN mainly pairs
with codon NNA and very poorly with NNG, so that
even in weakly expressed genes, NNG is a very ‘bad’
codon and cannot be used extensively. On the other
hand, the presence of the CNN anticodon (e.g., in the
CAR glutamine two-codon set), which translates exclu-
sively codon NNG, strongly enhances the NNG usage
with a gradient from the highly to the weakly expressed
genes (fig. 3). Note that the NNG content in the weakly
expressed genes is higher (60—70%) than the genomic
GC-content, suggesting that ‘positive’ selection by CNN
anticodons to use more NNG codons has been exerted
even in this class of genes. On the contrary, in M. luteus,
NNC/G codons are used almost exclusively and no dif-
ference in codon usage is shown between the highly and
weakly expressed genes especially in all two-codon sets
and isoleucine codons (fig. 4), suggesting that these
codon usages are almost solely determined by GC muta-
tion pressure, and not by selection pressure by tRNA.

age NNC-content of the class R genes of all the NNC/U-type two-codon
sets shown in the figures. +/— CNN: presence/absence of CNN anti-
codon, from Ohama et al.23.

The facts described above do not mean that all the codon
usages of M. luteus are solely determined by mutation
pressure without any selection pressure by tRNAs. In
some family boxes, there are some differences in codon
usage between the highly and weakly expressed genes.
In M. luteus, GUG is used as initiation codon in 10 out
of 18 protein genes examined, wherecas AUG much pre-
dominates over GUG in E. coli, or is exclusively used in
M. capricolum. Most of the termination codons in M.
capricolum and E. coli are UAA, whereas M. luteus uses
15 UGA, 2 UAA and 1 UAG?*. Massive use of GUG
initiation codons instead of AUG, and UGA termination
codons instead of UAA in M. luteus, has most probably
resulted from a strong preference for G usage over A, in
accordance with the tendency to accumulate G/C at the
silent positions.

We have seen that in M. luteus, choice of synonymous
codons, especially in two-codon sets, is mainly deter-
mined by directional mutation pressure, and not by

“tRNA, because almost no constraints seem to exist be-

tween highly and weakly expressed genes. We have found
that the extent of codon usage well parallels the amount
of the corresponding tRNA. Tt is unlikely that GC-pres-
sure first affects the amount of tRNA through which the
codon usage is determined, since directional mutation
pressure is exerted on individual nucleotide sites of
DNA. It then follows that an increase/appearance or a
decrease/disappearance of certain tRNA species is, in
principle, an adaptive phenomenon affected by codon
usage that has been primarily determined by directional
mutation pressure. The tRNA population so produced
would then modulate the codon usage by positive or
negative selection. It is thus possible that high directional
mutation pressure, in its extreme form, completely re-
moves certain codons by converting them to other syn-
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Figure 4. Synonymous codon ratios (%) in the highly and weakly ex-
pressed genes in Micrococcus luteus. H: highly expressed genes (riboso-
mal and its related protein genes). W: weakly expressed genes.
GC-contents of codon third positions of M. luteus. Cysteine (UGY),

onymous codons, with concomitant disappearance of the
corresponding tRNA; if a codon is withdrawn from use
entirely, the corresponding tRNA gene will no longer be
maintained by selective forces and may be lost from the
genome, so that the codon will become unassigned.

NNA/G-type codons, except AUA (isoleucine), are
translated primarily by a single anticodon *UNN (*U:
includes both *U and **U from here on), with the occa-
sional appearance in GC-rich bacteria of CNN anti-
codons pairing exclusively with NNG codons. Six
codons, AUA (isoleucine), AGA (arginine), UUA
(leucine), GUA (valine), CUA (leucine), and CAA (glu-
tamine), all ending in A, are not found at all among 5516
codons in the M. luteus genes examined 2+ 23 (table 4).
The tRNAs with anticodon *UNN responsible for read-
ing these codons have not been detected either (unpub-
lished data), suggesting that along with almost com-
plete conversion of NNA codons to NNC or NNG by
GC-pressure, *UNN anticodons are reduced to a trace
amount or become non-existent. A few NNA codons
that appear at this stage by mutation will be immediately
selected against, because few *UNN anticodons exist to
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leucine (UUR), serine (AGY), and arginine (AGR) are not included in the
figures of two-codon sets because of their small rate of occurrence, from
Ohama et al.?®,

translate them. This is probably the reason for the almost
complete absence of NNA codons in M. luteus genes.
The absence of the AUA (isoleucine) codon may be ex-
plained by decrease or deletion of the corresponding an-
ticodon *CAU (*C: lysidine (L)) along with silent con-
version of the codon AUA to AUC by GC-pressure. It is
then possible that of the undetectable NNA codonsin M.
luteus at least some may be unassigned codons.

By contrast, in eubacteria NNU and NNC codons are
translated by a single anticodon GNN by wobble as
noted above. Thus, a small amount of NNU codons that
appeared as a result of mutations may be read by GNN
anticodons, so that these codons are unable to become
unassigned. In fact, a few NNU codons are used
throughout in M. luteus.

A striking effect of AT-pressure can be seen in codon
usage in M. capricolum genes':?* (table 4). More than
96 % of the codon third positions are occupied by U or
A, suggesting that many NNC and NNG codons have
been converted to the synonymous NNU and NNA
codons by AT-pressure. Remarkably, tRNA Arg (CCG),
which is obligatory to read the CGG codon in eubacteria,
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tRNA
Trp codons Stop codon (anticodon)

(1 -~ UGG---UGG---UGG---UGG---NNN---UGA CCA

(2) -—-UGG---UGG---UGG---UGG---NNN-—-UAA cca cca

(3) -—-—UGG---UGG—-UGG---UGG---NNN---UAA UcA cca

4 UGA---UGA---UGG-—UGA-~NNN---UAA uca CCA

(5) ~—--UGA---UGA---UGA-—UGA---NNN---UAA uca —

Figure 5. Reassignment of UGA codon from stop to tryptophan in the
Mpycoplasma lineage. Stages 1, 4 and 5 may be represented by Acholeplas-
ma laidlawii, Mycoplasma capricolum and Mycoplasma genitalium|pneu-
moniae, respectively. For further explanations, see text.

is absent (table 2), and no CGG codon has been found in
a total of 6814 codons examined in M. capricolum genes !
(table 4). Perhaps strong AT-pressure has converted all
CGG codons to the synonymous codons CGU, CGA or
AGR by silent mutations. As a result, anticodon CCG
has become unnecessary and has disappeared. Thus,
CGG would have become an unassigned codon.

Three stop codons, UAA, UAG and UGA, do not exist
in the coding frames in mRNA, except for very limited
cases such as UGA for the selenocysteine codon. Thus,
the stop codons would be able to become unassigned
more easily than amino acid codons, by translation ter-
mination functions being restricted to one or two of the
stop codons.

UGA is a tryptophan codon in Mycoplasma

Mpycoplasma capricolum uses UGA, a universal stop
codon, as a tryptophan codon 1. In several other bacte-
ria related to M. capricolum that have been investigated
(three other Mycoplasma species ! and Spiroplasma cit-
ri*), the UGA codon is also for tryptophan. Acholeplas-
ma laidlawii, a member of the class Mollicutes, into which
Mycoplasma and Spiroplasma are also classified, does
not use UGA as a tryptophan codon 3°. It may be con-
cluded that the code change, UGA for tryptophan, oc-
curred in the Mycoplasma/Spiroplasma lineage after sep-
aration of these bacteria from Acholeplasma from their
common ancestor.

It has been proposed that high AT-pressure in the My-
coplasma lineage resulted in the appearance of codon
UGA for tryptophan 133! (fig. 5). Many UGA and some
UGG codons appear in the reading frames of the genes
analyzed from these bacteria. Among them, a good num-
ber of UGA codons appear at the positions of tryp-
tophan in the corresponding E. coli proteins. A simple
conversion of the tryptophan codon UGG to UGA by
AT-pressure .could not happen, because UGA was an
unusable codon, resulting from lack of anticodon UCA
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in the ancestor from which the Mycoplasma line
branched. In fact, only one species of tRNA Trp (CCA)
exists in Acholeplasma®°. The conversion could happen
only when tRNA Trp (UCA) appeared. Both tRNAs,
tRNA Trp (UCA) which can translate both UGA and
UGG, and tRNA Trp (CCA) have been found in this
bacterium. The appearance of the UGA tryptophan
codon would have taken place by the following steps
without deleterious or lethal changes. AT-pressure has
led to the replacement of all UGA stop codons by UAA.
In AT-rich bacteria, the use of UGA as stop codons is
rare, and most stop codons are UAA even in E. coli (GC:
50%). Therefore, complete conversion of UGA to UAA
would not be so difficult in the Mycoplasma lineage. It is
possible that along with this change, a releasing factor,
which interacts both with UAA and UGA (RF-2 in E.
coli), could have been deleted leaving RF-1 for UAA and
UAG, or have become specific to UAA, so that UGA
would have become an unassigned codon. Lee et al.?®
reported the presence of a release factor of the bacterial
RF-1 type responding to UAA and UAG, and the ab-
sence of RF-2 for UGA, in rat mitochondria, where
UGA is a codon for tryptophan as in Mycoplasma. It is
thus possible that Mycoplasma would also have only
RF-1, having discarded RF-2 during evolution, so that
UGA is recognized only by tryptophan tRNA with anti-
codon UCA, and not by RF-2.

In Mycoplasma, following the changes described above,
tryptophan tRNA, with anticodon CCA, duplicated, and
one of the duplicates, under AT-pressure, mutated to
UCA in its anticodon. The new tryptophan anticodon
could pair with both UGA and UGG, so that UGA
could be produced by AT-pressure causing mutation
from UGG to UGA. The tandem arrangement of the
genes for tRNA Trp (UCA) and tRNA Trp (CCA) on the
chromosome of M. capricolum strongly supports that
this was the case!® (fig. 6). Since anticodon UCA and
CCA both pair with the tryptophan codon UGG, this
was a neutral change, because it was preceded by the
disappearance of UGA stop codons, which had mutated
to UAA. Anticodon CCA is no longer needed in My-
coplasma, and, although this is still present in M. capri-
colum, it is apparently disappearing®2. The gene for
tRNA Trp (CCA) has disappeared in some of the My-
coplasma species, such as M. pneumoniae and M. genitali-
um!! (fig. 6). In this way, UGA would have been ‘cap-
tured’ (reassigned) by tryptophan in Mycoplasma.

We call this type of codon reassignment ‘stop codon
capture’ because the former stop codon (in this case
UGA) has been captured by an amino acid (tryptophan).
A new tRNA [tRNA Trp (UCA)] is not a ‘suppressor’,
since UGA is a regular tryptophan codon and is never
used as a stop codon in this bacterium.

We have seen that there would be a number of unassigned
codons in bacteria with extremely high GC/AT ratios.
These unassigned codons may be reassigned by later
reappearance of the codon and tRNA with a different
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Figure 6. Tryptophan tRNA genes from Mollicutes. a) Acholeplasma
laidlawii, taken from Tanaka et al.3°; b) Mycoplasma capricolum, from
Yamao et al.'; ¢) Mycoplasma genitalium, from Inamine et al.*!.

assignment (codon capture). A series. of code changes
known in mitochondria and eukaryotes may be ex-
plained by this codon capture hypothesis?”.

Conclusion

Most of the present-day organisms investigated use the
‘universal’ genetic code for protein synthesis. A series of
changes in the genetic code, which deviates slightly from
the universal code, has been recently discovered in most
mitochondria and some of the organisms including
Mycoplasma spp. These findings indicate that the univer-
sal code was not fixed, or ‘frozen’, in the ancestor from
which all extant organisms are descended, but rather the
code is still evolving in various lineages starting from the
universal code.

In the present review, we have examined the codon and
anticodon usages in prokaryotes. Codon and anticodon
usages are influenced by directional mutation pressure. A
strong AT-pressure apparently led to changes in the code
in Mycoplasma. This change is interpreted as being
caused by nondisruptive events such as the disappear-

ance of a codon (in this case the UGA stop codon) and
its reappearance with a different assignment (tryp-
tophan).

The possible occurrence of unassigned codons would im-
ply that the codon table for some life-forms would have
less than 64 codons, and new changes will be discovered
in various organisms. CGG is a good possibility for such
a reassignment.
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Summary. This article is a review of the rules used by eucaryotic cells to translate a nuclear messenger RNA into a
polypeptide chain. The recent observation that these rules are not identical in two species of a same phylum indicates
that they have changed during the course of evolution. Possible scenarios for such changes are presented.
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Introduction

The genetic program of a cell is entirely contained in its
DNA. Execution of this program involves many different
steps, but each of them proceeds invariably in two phases

which, for a eucaryotic cell, take place first in its nucleus
and thereafter in the cytoplasm: in the nucleus, a copy of
a part of the DNA is made and is afterwards modified by
capping, polyadenylation, splicing and editing; in the
cytoplasm, this modified copy (the messenger RNA}) is



