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Summary. The universal genetic code is used without changes in chloroplasts and in mitochondria of green plants.
Non-plant mitochondria use codes that include changes from the universal code. Chloroplasts use 31 anticodons in
translating the code; a number smaller than that used by bacteria, because chloroplasts have eliminated 10 CNN
anticodons that are found in bacteria. Green plant mitochondria (mt) obtain some tRNAs from the cytosol, and genes
for some other tRNAs have been acquired from chloroplast DNA. The code in non-plant mt differs from the
universal code in the following usages found in various organisms: UGA for Trp, AUA for Met, AGR for Ser and
stop, AAA for Asn, CUN for Thr, and possibly UAA for Tyr. CGN codons are not used by Torulopsis yeast mt.
Non-plant mt, e.g. in vertebrates, may use a minimum of 22 anticodons for complete translation of mRNA sequences.
The following possible causes are regarded as contributing to changes in the non-plant mt: directional mutation
pressure, genomic economization, changes in charging specificity of tRNAs, loss of release factor RF2, changes in
RF1, changes in anticodons, loss of lysidine-forming enzyme system, and disappearance of codons from coding

sequences.

Key words. Genetic code; mitochondria; evolution; organelles.

Introduction

Several differences from the universal genetic code have
been discovered in mitochondria (mt) of organisms other
than green plants. Chloroplasts and green plant mt have
retained the universal code, but have undergone genomic
economization so that some anticodons in chloroplasts
have been discarded, and, in green plant mt, some
tRNAs are imported from the cytosol, and some tRNA
genes have been acquired from chloroplast DNA.

We have proposed?® that evolutionary changes in the
universal code must have taken place after a codon disap-
peared from coding sequences, because an abrupt change
in assignment of a codon would be disruptive and there-
fore lethal. Disappearance of a codon, according to our
proposal, is accompanied by a change in or loss of

the corresponding anticodon. Such changes in the codon
or anticodon may sometimes result from directional mu-
tation pressure towards either AT or GC. The deleted
codon reappears with a different assignment at locations
in the coding sequence corresponding to the amino acid
to which it has been reassigned. Examples of these pro-
posed events will be described in this review, occurring in
non-plant mt. Similar changes in nuclear codes are de-
scribed by Jukes elsewhere in this issue of Experientia.

Evolution of mitochondria

The origin of mitochondria (mt) is inferred to be from
endosymbiotic bacteria (reviewed by Kiintzel and
Kdchel 1%). Comparison: of 16S ribosomal RNA se-
quences led Yang et al.” to conclude that the endosym-
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biont that gave rise to mt belonged to the alpha subdivi-
sion of purple bacteria, of which a current representative
is Agrobacterium tumefaciens. Their ribosomal RNA
comparisons showed wheat mitochondria branching sep-
arately from the line of descent that showed a later diver-
gence between descents of vertebrate and fungal mt. Sep-
arate origins for plant, fungal and vertebrate mt are
supported by other publications, e.g., Gray et al.”, and
Kiintzel and Kéchel 15 propose separate bacterial origins
for fungal and animal mt.

Plastids, including chloroplasts (cp), are descended from

cyanobacteria, independently of the origin of mt 7% 2°,

Plant mitochondria

Plant mt genomes are large, 200—2400 kbp, but contain
only a small number of tRNA genes. These are divided
into 2 groups. The first (‘native’) group is considered to
be descended from the original symbiotic eubacteria that
provided the ancestral DNA of the mt genome. These
tRNA genes show only limited sequence similarity (65—
80%) to the corresponding eubacterial and chloro-
plast {RNAs. The second group is clearly related
(> 90% sequence identity) to tRNA genes in chloro-
plasts, and represent cp DNA that has migrated into
plant mt. These tRNA genes have been shown to be
functional. A third category is tRNA genes in the cell
nucleus that are transcribed into tRNA molecules which
are imported from the cytoplasm into plant mt.

Table 1. Genetic origin of mitochondrial anticodons in green plants
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The genetic code in plant mt is identical with the univer-
sal code. Unlike animal and fungal mt, plant mt use
codons UGA for stop and, unlike mt of yeast and several
animals, plant mt use AUA for isoleucine.

Green and co-workers® found a tRNA Leu (NAA) in
bean mt that was identical to its cytoplasmic counter-
part except for one post-transcriptional modification.
Maréchal and co-workers !® found that four tRNA Leu
(NAG) species in bean mt were nuclear-encoded. Several
other tRNAs in bean mt (Phe, Trp, Tyr, f-Met, e-Met and
Pro) had a high degree of sequence similarity to their
chloroplast counterparts leading to the conclusion that
they were derived from chloroplast tRNA genes that had
been incorporated in mt DNA.

Joyce and Gray'? examined wheat mt tRNA genes, and
sequenced chloroplast-like tRNA genes for Ser (GGA),
Phe (GAA) and cysteine (GCA) that were concluded to
be ‘remnants of ‘promiscuous’ chloroplast DNA that has
been incorporated into wheat mt DNA’ during evolu-
tion, as deduced from sequence similarities. They added
chloroplast-like e-Met, Asn and Trp tRNA genes to this
list. Other tRNA species corresponded to native mt and
not to cp genes (table 1), and still others were cytoplas-
mic (encoded by nuclear DNA). Their various findings
for chloroplast-like tRNA genes are in table 1.
Maréchal and colleagues® extracted tRNAs from pota-
to mt and found 15 ‘typically mitochondrial’, 5 chloro-
plast-like and 11 nuclear-encoded species (table 1). Of
much evolutionary interest was the fact that, in contrast

Origin
Amino acid Anticodon Native mt Chloroplast-like mt-encoded  Nuclear Anticodon present in vertebrate mt
Ala 1GC P —
Arg-1 ICG P -
Arg-2 NCU : P -
Asn GUU W,P,.L +
Asp Guc P ' +
Cys GCA P,T WM +
Gln uuG Ww,p +
Glu uucC W,P.S +
Gly GCC P w —
His GUG P.M w +
Tle t *CAU P
Te 2 GAU? P
Leu CAA W -
Leu 1 NAA P
Leu 2 .
to 5 ? P
Lys uuu Ww,p +
eMet CAU W,M W,P,AB.S +
fMet CAU . w,p +
Phe GAA P w +
Pro UGG W,P +
Ser GCU w.p +
Ser UGA w,p +
Ser GGA W’P?O -
Thr 1,2 ? P
Trp CcCA W,P,M,B,0 -
Tyr GUA W,P +
Val 1,2 P
Val GAC W -

A = Arabidopsis; B = bean; O = Oenothera; P = potato; S =soybean; T = tomato; *C = lysidine.
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Figure 1. Plant mitochondrial tRNAs changed in evolution.
Native tRNA gene in plant mt exchanged for chloroplast gene.
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Figure 2. Evolution of code in non-plant mt.
(1) UGA, Trp; (2) AGR, Ser; (3) AUA, Met; (4) AAA, Asn; (5) UAA,

to wheat, potato mt did not seem to contain chloroplast-
like tRNAs for Cys and Phe. This might indicate that the
insertion of these two tRNAs took place after the evolu-
tionary separation of monocots and dicots (fig. 1). Maize
also had a chloroplast-like tRNA for Lys (table 1). It is
also of interest that glycine anticodon GCC listed as
native in potato mt is not found in vertebrate mt, which
use UCC for glycine, but wheat mt import nuclear-en-
coded glycine tRNA (GCC) from the cytoplasm.

Plant mitochondrial anticodons identical with those in
the vertebrate mt code are indicated in table 1. One ex-
ception is GCC, not found in the vertebrate mt code. It
is conspicuous that anticodon CCA, apparently obtained
from chloroplasts, is used by plant mt for tryptophan,
because CCA pairs only with UGG, and plant mt use
UGG for Trp and UGA for stop, in contrast to non-
plant mt, which use both UGG and UGA for tryp-
tophan, pairing with anticodon UCA. In retrospect, the
finding that CCA, pairing orly with UGG, is the sole
tryptophan anticodon in plant mt may be compared with
the discovery that CGG is edited to UGG in plant mt
mRNA (reviewed by Jukes in this issue). Anticodons
IGC and ICG, present in potato mt, have not been found
in non-plant mt. Both are eukaryotic anticodons and
ICG is also eubacterial.

Weber and co-workers ** found that a potato mitochon-
drial tRNA Ile, translating AUA, contained a lysidine-

Tyr (2); (6) CUN, Thr; (7) AGR, Stop; (8) CGN, non-coding; (9) AUA,
to Ile from Met.

like nucleotide in position 1 of the anticodon CAU. The
C in the anticodon was therefore modified post-tran-
scriptionally, just as in the cases of E. coli?! and My-
coplasma capricolum®, both of which have isoleucine
tRNAs with *C (lysidine) in anticodon *CAU, pairing
with AUA. The gene in potato mt differed by only one
nucleotide from a maize mt tRNA gene with anticodon
CAT 3°, putatively described as an elongator methionine
tRNA, but perhaps this tRNA is also modified post-
transcriptionally to function as an isoleucine tRNA
*CAU, translating codon AUA.

Use of *CAU as an anticodon for isoleucine codon AUA
has been previously found in bacteria, and may also
occur in chloroplasts. In contrast, eukaryotes translate
AUA, isoleucine, by anticodon IAU, or, in yeast, UAU.
Anticodon CAU, unmodified, is used for methionine in
all codes.

The observation by Weber and colleagues3* serves to
reinforce the conclusion that the protosymbiotic ancestor
of mt was bacterial. The observation also provides an
explanation for the assignment of AUA to methionine in
yeast mt and in the mt of most metazoa (fig. 2). Conver-
sion of tRNA Met CAU to tRNA Ile *CAU does not
occur unless lysine is added to C. Loss of the enzyme
system that forms lysidine would convert AUA from an
isoleucine to a methionine codon. This would need to be
preceded by removal of AUA codons from coding se-
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Table 2. Anticodons in the eubacterial code, vertebrate mitochondrial code and chloroplast code

M,C GAA Phe C GGA Ser
M,C UAA Leu M,C UGA Ser
C CAA Leu CGA Ser
GAG Leu © GGG Pro
M,C UAG Leu M,C UGG Pro
CAG Leu CGG Pro
M,C GAU lle C GGU Thr®
C *CAU lle M,C UGU Thr
M,C CAU Met CGU Thr
C GAC Val GGC Ala
M,C UAC Val M,C UGC Ala
CAC Val CGC Ala

M,C GUA Tyr M,C GCA Cys
C CCA Trp®
C ICG Arg®
M,C GUG His
M,C UUG Gln
CUG GlIn C CCG Arg
M,C GUU Asn M,C GCU Ser
M,C UUU Lys C UCU Arg
CUU Lys CCU Arg
M,C GUC Asp C GCC Gly
M,C UUC Glu M,C UCC Gly
CUC Glu CCC Gly

M = vertebrate mitochondria; C = chloroplast. ICG (from ACG) and *CAU (from CAU) are inferred to exist in chloroplasts. (C) The. chloroplast
gene containing anticodon GGG is apparently inactive. *C, modified C, probably lysidine. *UCA is the sole vertebrate mitochondrial anticodon for
tryptophan and UCG for arginine. UCA is the anticodon for tryptophan in Mycoplasma. ® AGU is anticodon for threonine in Mycoplasma.

Table 3. Differences from the universal code in non-plant mitochondria

UGA AUA AAA AGR CUN UAA
Organisms Stop Ile Lys Arg Leu Stop Examples
Vertebrates Trp Met Lys Stop Leu Stop Various
Arthropods Trp Met Lys Ser(AGA) Leu Stop Drosophila
Echinoderms Trp Ile Asn Ser Leu Stop Sea urchins, starfishes
Molluscs Trp Met Lys Ser Leu Stop Doryteuthis
Nematodes Trp Met Ser Ascaris, Caenorhabtidis
Platyhelminths Trp Tle Asn Ser Leu Tyr? Fasciola, Dugesia, Planaria
Coelenterates Arg Hydra, Metridium
Yeasts Trp Met Lys Arg Thr Stop Saccharomyces, Torulopsis*
Euascomycetes Trp lle Lys Arg Leu Stop Aspergillus, Neurospora
Protozoa Tp lle Lys Arg Leu Stop Trypanosoma, Paramecium

*CGN codons are non-coding in Torulopsis.

quences by conversion to AUY isoleucine codons. AUA,
reappearing by mutation of AUY to AUA, would be
translated as methionine.

The entire set of tRNA genes for the chloroplast code
was found when Marchantia chloroplast DNA was com-
pletely sequenced®®. There are 31 anticodons in the
chloroplast code (table 2).

Mitochondria and chloroplasts are regarded as descen-
dants of endosymbiotic bacteria that took up residence in
proto-eukaryotic cells. We have proposed that these two
organelles underwent genomic economization aided by
AT pressure 2*, This eliminated most tRNAs with CNN
anticodons and, in the case of non-plant mitochondria, it
also eliminated GNN anticodons in family boxes, and, to
replace these, UNN anticodons paired with 4 codons in
family boxes by four-way wobble. By these deletions, the
genetic code in vertebrate mitochondria was reduced to
the minimum of 22 anticodons needed for the usual 20
amino acids (table 2).

Anticodon UCU disappeared, and AGR became stop
codons. Changes in the code took place in some mt so
that AUA and UGA became additional codons for me-
thionine and tryptophan respectively instead of for
isoleucine and stop as in the universal code.

In this scenario, it is assumed that the mitochondrial
code was originally identical with the universal code in

eubacteria, and underwent a series of evolutionary
changes that differ in the mitochondria of various spe-
cies, as explained below.

After elimination of most tRNAs with CNN anticodons
the chloroplast code remained identical with the eubacte-
rial code except that UAG and UGC became the only
anticodons in the leucine (CUN) and alanine family box-
es, pairing by 4-way wobble. The same is probably true
for UGG, proline, because anticodon GGG is inactive in
chloroplasts2%:3°, The complete DNA sequences of
chloroplast genomes from tobacco *¢ and rice (Sugiura,
personal communication) indicated that there exists only
one species of tRNA gene for the CGN arginine family
box, tRNA ArgACG. No tRNA ArgCCG was found in
spite of a considerable usage of codon CGG. It remains
to be seen if tRNA ArgACG (modification unknown)
can read all the CGN codons or tRNA ArgCCG is im-
ported into the chloroplasts.

The anticodons used in the mitochondrial and chloro-
plast codes resemble the eubacterial code rather than the
eukaryotic code because they do not use INN anticodons
in family boxes. Chloroplasts use GNN and UNN anti-
codons for valine, serine (UCN codons) and threonine.
Eukaryotes use INN anticodons in these cases.
Non-plant mitochondrial codes have evolved to different
endpoints, as shown in table 3. We have proposed steps
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in these various evolutionary pathways in a series of 4
publications ??-2#-26-27 These are discussed below.
From the information so far available, the coding system
used by green plant mitochondria (table 1) is as follows:
a) There are no departures from the universal code;

b) Coding for alanine, arginine (CGN and AGR codons)
leucine and threonine is exclusively by tRNAs of nuclear
origin imported from the cytosol into mitochondria. Nu-
clear tRNAs for glycine, isoleucine and valine are in
some cases imported from the cytosol and in others are
transcribed from genes in mt DNA.

¢) Mitochondrial tRNA genes of ‘native’ mt DNA. fur-
nish tRNAs for aspartic acid, glutamic acid, glutamine,
lysine, initiator methionine, proline, serine (AGY
codons) tyrosine and valine exclusively;

d) Mitochondrial tRNA genes imported from chloro-
plasts are used exclusively for tRNAs for asparagine,
histidine and tryptophan;

¢) Coding for cysteine and phenylalanine is by tRNAs
with genes in the mt genome of either native or chloro-
plast origin, depending on the species of organism.
Monocots use tRNAs from genes imported from chloro-
plasts for these amino acids, dicots use native genes;

f) Coding for elongator methionine and serine (UCN
codons) is by tRNAs of both mitochondrial and chloro-
plast origins.

g) Anticodon *CAU (*C = lysidine) is used for AUA,
isoleucine.

h) In the unicellular green alga Chlamydomonas rein-
hardtii, only 3 tRNA genes have been detected: for tryp-
tophan, glutamine, and e-methionine. The following
codomns were absent from the five protein-coding genes:
TTA, CTC, ATA, TCR, ACR, GAA, CGG, AGR and
GGG?®. Presumably, C. reinhardtii mt import some
tRNAs from the cytosol. Gray and Boer suggest ‘a sepa-
rate evolutionary origin of at least the ribosomal RNA
genes in C. reinhardtii and plant mt’.

The coding system for plant mt is, therefore, a mosaic of
anticodons derived from nuclear, chloroplast and mito-
chondrial genes. The pattern varies with the species of
plant and it is probable that it represents an evolutionary
flux that is still in progress, and for which the back-
ground is unknown.

This separation into various categories under headings
(b) through (f) above refers to published information.
Further research will probably uncover more examples
of all these categories, perhaps in wheat as well as in
mitochondria of plants that have not yet been examined,
or that only have been partially examined.

Plant mt have followed an entirely different evolutionary
pathway from that of animal and fungal mt. Plant mt
have imported ‘promiscuous’ DNA from chloroplast mt
carrying tRNA genes, and plant mt also import pre-
formed tRNAs of nuclear origin. The coding system of
animal and fungal mt is, in contrast, usually kept sepa-
rate from that of the nucleus, although importation of
nuclear-encoded tRNAs must occur in protozoa: Te-
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trahymena? and Paramecium®! mt DNA contain genes
for only 8 and 3 species of tRNA, respectively. Evidently,
many nuclear-encoded tRNAs are used in these cases. Of
course, there is no possibility of acquiring DNA from
chloroplasts in the case of non-plant mt.

The origin of mitochondria can be represented as descent
from a single proto-symbiont with subsequent branch-
ing, or as occurring at least three separate times. The
second possibility poses complications, because it implies
either that plants, fungi and animals do not have a com-
mon ancestor, or that an established population of mito-
chondria can be displaced by a new species of bacterium
that enters cells of eukaryotes. Kiintzel and Kochel!?
consider that ‘The idea of an independent invasion of
different bacteria into already diverged protokaryotic
precursors to animal and fungal cells is attractive, be-
cause the mitochondrial genomes of the two kingdoms
differ in several fundamental properties like gene organi-
zation, tRNA structure, genetic code and codon usage’.
This may be countered by pointing out that tRNA struc-
ture and genetic code vary widely among different meta-
zoan mt, so that the differences between mt genomes of
animal and fungal cells may well be the result of diver-
gent evolution rather than of separate origins of animal
and fungal mitochondria.

Divergence of plant, fungal and animal mt from a com-
mon ancestor, based on comparison of ribosomal RNA
sequences, was illustrated in figure 2 of the article by
Yang et al.?”. We have illustrated a similar divergence in
figures 1 and 2, which shows that the change in function
of UGA from stop to tryptophan occurred after the sep-
aration of the plant line.

Evyolution of the code in non-plant mitochondria

As evolution progressed in fungi and animals, a series of
changes took place in the mitochondrial genetic code.
The first change was codon UGA from stop to Trp. This
was evidently an early change, because UGA codes for
Trp in all non-plant mt. In the animal line, AGR arginine
codons became serine starting in Platyhelminthes and
continuing as serine in nematodes, echinoderms, mol-
luscs and insects until AGR became stop in vertebrates
(fig. 2). AAA changed from lysine to asparagine in the
branch leading to Platyhelminthes and again, as a sepa-
rate event, in Echinodermata. There is some indication
that UAA, stop, codes for tyrosine in Platyhelminthes.
Beginning with nematodes (fig. 2), AUA changed from
isoleucine to methionine. This change was reversed in
echinoderms (fig. 2).

In the fungal line, changes in yeast mt codes are AUA
from isoleucine to methionine and CUN from leucine to
threonine. CGN has lost its coding function in Torulop-
sis. No changes from the universal code other than UGA
to tryptophan have taken place in molds (fig. 2). The
changes in non-plant mt codes are listed in table 3.
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Tryptophan, isoleucine and lysine codons all participate
in mitochondrial code changes.

We have proposed that these and other changes in the
code result from some general pattern of evolutionary
events. These include directional mutation pressure, dis-
appearance of codons from coding sequences, changes in
anticodons, changes in charging specificity of tRNAs
and changes in release factor RF1. The events are fol-
lowed by reversal of directional mutation pressure and
reappearance of a deleted codon. Our proposal, the
codon capture hypothesis, provides for codon reassign-
ment without disruptive changes such as alterations in
the amino acid sequence of a protein.

AUA for methionine in yeast

Eubacteria use tRNA Ile *CAU for translating AUA as
isoleucine, in which *C is lysidine (2-lysyl) cytidine.
When *C is experimentally replaced by unmodified C,
the tRNA becomes charged by methionine instead of
isoleucine. Apparently the tRNA can function as tRNA
Met in the absence of the C-modifying (lysylating) en-
zyme. AUA is a codon for isoleucine and AUG is the
codon for methionine in mt of molds (Aspergillus and
Neurospora) but anticodon *CAU has not been found in
their mt. However, genes for three species of tRNAs with
CAU anticodons have been found in Aspergillus nidulans
mitochondria. The first one is the initiator methionine
tRNA, and the second is the primary elongator methion-
ine tRNA. The function of the third one (tRNA Met 3,
of Kéchel et al.'* see ref. 27) has not been identified, but
this one may be isoleucine tRNA with modified C (possi-
bly lysidine) at the first anticodon position which would
be specific for codon AUA, because no tRNAs other
than this have been found for isoleucine codon AUA.
Yeast mitochondria, where AUA and AUG are both
read as methionine, have only two tRNAs with CAU
anticodons. These are elongator and initiator methionine
tRNAs. Perhaps tRNA for isoleucine codon AUA disap-
peared from the yeast mt line before or during the reas-
signment of AUA to methionine as a result of genomic
economization. This reassignment would have been
when AUA was removed from coding sequences by con-
version to other isoleucine codons AUY 27.

The lysylating enzyme possibly decreased in amount or
lost activity so that anticodon CAU was no longer mod-
ified to *CAU. As CAU, it then would translate only
AUG, and its tRNA would be aminoacylated by me-
thionine. This ‘new’ tRNA would replace the old tRNA
Met (CAU) as the elongator methionine tRNA. The ini-
tiator methionine tRNA would be unaffected.

AUA from methionine to isoleucine in echinoderms

In sea urchin mitochondria, there are only two tRNA
genes for AUN codons, one with anticodon GAU and
the other with CAU. CAU is the same anticodon as that
of methionine tRNA in other metazoan mitochondria,
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where both AUA and AUG are methionine codons. The
echinoderm tRNA with anticodon CAU would have
changed so as to read only codon AUG as methionine.
As a result, in echinoderms, (starfish, and sea urchin),
tRNA Ile (GAU) would translate AUA in addition to
AUY as isoleucine. Pairing with codons AUA and AUY
by tRNA Ile (GAU) could result from modification of G
at the first anticodon nucleotide, perhaps to inosine (I) as
noted by Cantatore and co-workers® and Himeno et
al.*°. Echinoderm mt apparently use modified G in both
anticodons GAU and GUU for methionine and as-
paragine respectively to pair with A. Both changes can be
explained by assuming GC pressure causing conversion
of AAA and AUA codons to AAG and AUG, followed
by lowering of GC pressure, so AAY and AUY codons
mutated to AAA (asparagine) and AUA (isoleucine)
codons. Alternatively, it is possible that methionine and
lysine tRNAs gradually underwent structural changes
including mutation of anticodon UUU to CUU (in lysine
tRNA), so that codons AUA and AAA disappeared and
were later captured by isoleucine and asparagine by mod-
ification of G in anticodon GUA (Ile) and GUU (Asn),
respectively.

AAA for asparagine in echinoderms and platyhelminths

AAA, a lysine codon in the universal code, is an as-
paragine codon in mt of a starfish '° and a sea urchin '2,
as predicted from comparisons of amino acid sequences
in proteins with the corresponding amino acid sequences
in mt of other species. These comparisons show AAA
sites in mt of echinoderms corresponding to AAY as-
paragine sites, and not to AAR lysine sites in other mt.
AAG in echinodermal mt codes exclusively for lysine.
We postulated 22 that, in the change of AAA from Lys to
Asn, GC pressure converted all AAA lysine codons to
AAG, pairing with anticodon CUU, so that anticodon
UUU disappeared because it was not needed or used.
Anticodon GUU, pairing with asparagine codons AAU
and AAC, became modified, perhaps by conversion of G
to H (hypoxanthine), the base in inosine (I)*°. TUU
would pair with AAA as well as AAU and AAC. AT
pressure then replaced GC pressure and some AAC as-
paragine codons mutated to AAA, pairing with JTUU. No
changes in amino acid sequences took place. A similar
series of events took place in Fasciola??. In this scheme,
disappearance of a codon and of its anticodon took place
under GC pressure. Another anticodon became modi-
fied. The codon reappeared, under AT pressure, with a
new assignment.

In the proposal by Ohama et al.??, it is pointed out that
GUU would pair with AAU, AAC and AAA, while
CUU would pair only with AAG in echinoderms and
Fasciola. In insect mt, CUU pairs with both AAA and
AAG, lysine. In bacterial and eukaryotic nuclear sys-
tems, AAA and AAG pair with *UUU (*U modified),
while CUU, C unmodified, pairs solely with AAG as in
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the case of echinoderm mt. These differences may result
from changes in tRNA molecules as discussed by Ohama
et al.??,

UAA from Stop to Tyr

UAA is found in the COI gene of an individual Planaria
mt at a site corresponding to a highly conserved UAY
tyrosine site in other individuals (Bessho et al., unpub-
lished observations). Moreover, the only stop codon
found so far in Fasciola is UAG3°. Presumably chain
termination by release factor RF1, which responds to
UAA and UAG, may have become specific for UAG as
a result of mutations accumulating in RF1 of platy-
helminths. RF2, which responds to both UAA and
UGA, has not been detected in mt '® and, indeed, UGA
would not be recognized as a stop codon in non-plant mt,
because UGA in these mt is a codon of Trp. If RF1 has
become specific for UAG in Planaria mt, this would
make it possible for UAY Tyr codons to mutate to UAA
and be read by anticodon GAU. GAU could pair with all
3 codons UAU, UAC and UAA if G in this anticodon
had been modified to pair with U, C and A as in the case
of GUU in echinoderms, which functions as an anti-
codon for AAU, AAC and AAA, lysine in these organ-
isms.

UGA for Try and AUA for Met

The two codon changes that were first discovered in
mitochondria, and therefore led to much interest, were
UGA from stop to tryptophan and AUA from isoleucine
to methionine 2. The evolutionary histories of these two
changes differ markedly.

UGA as a codon for tryptophan is found in all non-plant
mt. This change was thoroughly explored in Mycoplas-
ma?3. Evidence was found that it resulted from AT direc-
tional mutation pressure that converted all UGA stop
codons to UAA, accompanied by deletion of release fac-
tor 2, and changed anticodon CCA to UCA, pairing with
both UGA and UGG. As a result, some Trp UGG
codons that had mutated to UGA under AT pressure
were translated as tryptophan. The same sequence of
events probably occurred early in the evolution of non-
plant mt. In fact, RF2, reacting with UAA and UGA,
was not present in vertebrate mt, and RF1, reacting with
UAA and UAG, was retained .

Codon AUA is translated by E. coli to isoleucine by a
tRNA with anticodon *CUA, *C = lysidine, 5 lysyl-cy-
tidine 2!. Removal of lysine from this position in this
tRNA converts it to a methionyl tRNA. Loss of the
enzyme system that converts C to *C would therefore
change the assignment of codon AUA from isoleucine to
methionine. It seems that this loss has taken place of at
least twice in mt evolution (fig. 2): in yeast mt, and in
metazoan mt after the separation of the platyhelminth
lineage. AUA codes for isoleucine in echinoderms, but
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perhaps in this case AUA is read by isoleucine anticodon
GAU.

This loss of lysidine would be a step of genomic econo-
mization. It could not take place, however, until AUA
disappeared from coding sequences as a result of A to G
mutations.

Changes in the non-plant mt code have taken place dur-
ing evolution as a sequence of events, to some extent in
chronological order, and to some extent occurring on
branches that have separated in the evolutionary process,
such as the branching between molds and yeasts (Euasco-
mycetes and Saccharomyces). In addition to the changes
discussed above, the following events have taken place.

AGR from Arg to Ser and from Ser to Stop

In metazoan mt, tRNA Arg (UCU) for codons AGR has
been deleted by reduction of genome size during evolu-
tion. Replacement of AGR by mostly CGN Arg and by
a few other codons in metazoan mt suggests that AGR
Arg codons were converted mainly to CGN (arginine)
upon deletion of tRNA Arg (UCU), so that AGR be-
came unassigned.

Genomes from simpler metazoan mt are usually high in
AT as are yeast mt. Probably in the metazoan mitochon-
drial ancestor, AGR at the important Arg sites mutated,
even in the presence of AT pressure, to CGN Arg codons
by selective constraints because conversion of AGR to
CGN was the only way to conserve these Arg residues.
However, the removal of tRNA Arg (UCU) would not
have occurred by one-step deletion because predominant
AGR codons would have become untranslatable, which
would be deleterious. Probably tRNA Arg (UCU) grad-
uvally lost pairing ability with AGR codons. Finally, the
gene for this tRNA disappeared. By this time, all AGR
codons had disappeared from reading frames, by conver-
sion mainly to CGN, and the tRNA for CGN codons,
anticodon UCG, would have increased in amount adap-
tively. In this way, AGR became, without disruption, an
unassigned codon pair available for subsequent capture
by an amino acid .

Following this, the structure of tRNA Ser (GCU), pair-
ing primarily with AGR codons, has an abbreviated and
unusual structure, so that the altered Ser tRNA appar-
ently translates AGR codons. AGR (mainly AGA)
codons, pairing with this Ser tRNA then appeared by
mutations of AGY Ser codons and other codons. AGR
codons were thus captured by Ser.

The AGR codons captured by Ser are translated either
by tRNA Ser (UCU) (in Ascaris) or by tRNA Ser (GCU)
(in other invertebrates). It has been proposed that the
unusual structure of tRNA Ser (GCU) brings about G:R
pairing between anticodon GCU and codons AGR 2.
The anticodon UCU in Ascaris mt would have reap-
peared with a new assignment by mutation of anticodon
GCU to UCU under AT pressure and seems to translate
all AGN codons as Ser by four-way pairing.
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The two ‘new’ Ser codons AGG and AGA would have
been removed from messenger RNA of vertebrate mt
before these became stop codons, because appearance of
stop codons at Ser sites in reading frames results in cessa-
tion of translation, which is deleterious. AGG codons are
not found in Drosophila mt33, but we do not know
whether AGG can be used as a stop codon in mt of other
insects.

Shortly before, or in the early phase of vertebrate mito-
chondrial evolution, tRNA Ser (GCU) underwent fur-
ther changes leading to abolition of pairing ability with
codons AGR. All AGR (AGA) codons in Drosophila
were replaced in vertebrates mainly by Ser AGY, Ser
UCN, Lys AAA, Thr ACN, and others. Presumably,
AGR codons were first removed by mutation mainly to
AGY serine (as shown by comparing AGR sites in
starfish mt and AGA sites in Drosophila with corre-
sponding sites in vertebrates or to ACA by strong selec-
tive constraints resulting from the loss of AGR transla-
tion by anticodon GCU. Thus, AGR became unassigned
codons, and four of the unassigned AGR sites reap-
peared in vertebrate mt as stop codons. AGY and ACA
would further mutate to AGG, ACU, and ACC, and
thence to UCN.

During vertebrate mitochondrial evolution, AGR stop
codons presumably were formed from UAG stop by
deletion of the first nucleotide U and by use of R .as the
third nucleotide that had existed next to the ancestral
UAG stop in the tetranucleotide UAGR 2°.

Neither of the changes AGR to serine or stop caused
alterations in the amino acid sequences of mt proteins.

CUN from Leu to Thr in yeast mt

Leucine differs from threonine by two codon positions in
the universal code, in which leucine has CUN codons and
threonine has ACN. We have proposed that during a
period of AT pressure, CUN codons disappeared by mu-
tation to UUR 23, UUR codons are translated by differ-
ent anticodons, UAA. The ancestral leucine tRNA
(UAGQ) that paired with CUN lost leucine-accepting abil-
ity, perhaps by mutation of sites involved in recognition
of leucyl-tRNA synthase. The CUN family box of
codons was reassigned to threonine when a duplicate
threonyl tRNA synthase acquired the ability to charge
tRNA (UAG) with threonine. As CUN codons subse-
quently appeared in reading frames from mutation of
various codons, they were translated as threonine by the
new tRNA Thr (UAG) that had evolved from tRNA Leu
(UAG). Other threonine codons, ACN, are also used for
threonine, so that threonine in yeast mt has 8 codons.
The usage of leucine and threonine codons in yeast and
molds is such that codons ending in A and T are much
preferred over those ending in G and C. This reflects high
A + T content of DNA in Ascomycotina.

This change in the yeast mitochondrial genetic code is
likely to have evolved through a series of nondisruptive
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nucleotide substitutions that produced no widespread re-
placement of leucine by threonine in proteins as a conse-
quence.

The reassignment of CUN codons from Leu to Thr in
yeast mt (fig. 2) would have been preceded by the silent
disappearance of CUN Leu codons by AT pressure. The
GC content of silent sites in codons of Saccharomyces
cerevisiae mt averages less than 10 %.

The four yeast (Saccharomyces and Torulopsis) and fungi
(Aspergillus and Neurospora) mt genomes employ Thr
ACA/U codons almost exclusively over the synonymous
Thr ACG/C codons.

Similarly, UUR Leu codons (mostly UUA) much pre-
dominate over CUN Leu codons (mostly CUA/U) in mt
of Aspergillus and Neurospora. In yeast mt the number of
Thr CUN codons is small relative to UUR Leu. We
assume that an ancestor of yeast mt used Leu CUN
codons only rarely, and these may have disappeared
through silent mutations to Leu UUR. Indeed, most Leu
CUN sites in fungal mt correspond to Leu UUR in yeast
mt.

Almost all yeast mt CUN sites are occupied in fungal mt
by Thr ACN, Val GUN, Ser UCN, and other codons.
Furthermore, most Leu CUN sites in fungal mt corre-
spond to Leu UUR in yeast mt, in accordance with the
suggestion that yeast mt Leu CUN codons disappeared
prior to the code change. Some of the existing CUN Thr
codons in yeast mt could have been derived from ACN
Thr. However, ACN cannot be converted to CUN by a
single mutation. Presumably, some of the ACN codons
first mutated to AUN (Ile/Met) or UUR (Leu) via UCN
and thence to CUR (Thr). Other CUN threonine codons
in yeast mt were derived from various codons for other
amino acids. Indispensable ACN Thr sites would not
have been involved in this reassignment. We infer that
most or all existing yeast mt Thr CUN codons arose
subsequently to the code change of CUN from Leu to
Thr by individual mutations of various other codons
rather than through a large-scale replacement of Leu by
Thr 23,

AT pressure may affect the composition of tRNA genes
in addition to influencing the frequency of their corre-
sponding codons. Saccharomyces cerevisiae mt tRNA
genes are relatively AT-rich, averaging 30% GC, and
tRNA Thr (UAG), like tRNA Arg (ACG) is high in AT.
Unusual base composition may indicate that a relaxation
of selective constraints has occurred. If a codon is retired
from use, the corresponding tRNA gene sequence will no
longer be maintained by selective forces and may be lost
from the genome, as in the case of T. glabrata mt tRNA
Arg, or may become free to acquire a new function as in
the case of yeast mt tRNA (UAG). In this manner, yeast
mt tRNA (UAG) may have lost its ability to interact with
leucyl tRNA synthetase, and later acquired the ability to
interact with a threonyl synthetase 23,

The CUN codons were reassigned to Thr when tRNA
(UAG) acquired the ability to interact with threonyl-



Reviews

tRNA synthetase to accept Thr. As CUN codons subse-
quently appeared in reading frames from mutations of
various codons, they were ‘captured’ and translated as
Thr by the ‘new’ tRNA Thr (UAG) that evolved from
tRNA Leu (UAG).

Loss of translation by CGN codons in Torulopsis mt

In the yeast, Torulopsis glabrata, neither Arg CGN
codons nor a tRNA Arg able to decode them have been
found*. All Arg codons arec AGR. In S. cerevisiae mt, a
close relative of T. glabrata, mt genes are AT-rich, averag-
ing 33% GC. However, tRNA Arg (ACG), correspond-
ing to anticodon UCG that translates all CGN codons in
other mt, is high in AT (18 % GC). This anticodon, ACG,
translates rare CGN Arg codons. In S. cerevisiae mt, Arg
is coded almost entirely by AGR ; most Arg CGN codons
appear to have mutated silently to Arg AGR. It is possi-
ble that when AT pressure causes a codon to fall into
disuse, the functional constraints on the corresponding
tRNA gene are thereby reduced, allowing it to accumu-
late mutations that would be otherwise deleterious. Be-
cause of AT pressure, most of these mutations are to-
wards AT with the result that the GC content of the
tRNA gene decreases. Thus, unusual base composition
in the S. cerevisiaze tRNA Arg (ACG) may indicate that
a relaxation of selective constraints has occurred. If a
codon is retired from use entirely, the corresponding
tRNA gene will no longer be maintained by selective
forces and may be lost from the genome as in the case of
T. glabrata mt tRNA Arg, so that CGN codons become
unassigned.

It is thus highly probable that a strong directional muta-
tion pressure would produce unassigned codons. Mito-
chondria and chloroplasts do not charge tRNA Gin by
means of glutamine-tRNA synthase. This enzyme has
not been detected in these organelles. Instead, tRNA Gin
is charged with Gln 3%,

Why are there changes in the code in non-plant mt?

The nuclear code uses UGA for stop and AUA for
isoleucine, and mammalian mt use UGA for tryptophan
and AUA for methionine. The significance of this differ-
ence has provoked much discussion. Wallace >3 proposed
that the differences may have become established be-
cause they minimized the deleterious effects of accidental
transfer of mRNAs between the mitochondria and the
cytosol. His proposal is not supported by the observation
that plant mt use the universal code. Also, Mycoplasma
use UGA for Trp, and they are not subject to accidental
transfer of mRNAs. It appears more likely that the
changes have evolutionary histories as described in this
TeVICew.
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Summary. The analysis of coding sequences reveals nonrandomness in the context of both sense and stop codons.
Part of this is related to nucleotide doublet preference, seen also in non-coding sequences and thought to arise from
the dependence of mutational events on surrounding sequence. Another nonrandom context element, relating the
wobble nucleotides of successive codons, is observed even when doublet preference, codon usage and bias in amino
acid doublets are all allowed for. Several phenomena related to protein synthesis have been shown in vivo to be
affected by the nucleotide sequence around codons. Thus, nonsense and missense suppression, elongation rate,
precision of tRNA selection and polypeptide chain termination are all affected by codon context. At present, it
remains unclear how these phenomena may influence the evolution of nonrandomness in the context of codons in
natural sequences.

Key words. Context effects; nucleotide sequence nonrandomness; translational suppression; polypeptide chain elon-
gation; polypeptide chain termination.

of expression of the genes concerned. Part of this nonran-
domness has to do with mutational pressure, and shows
similarities to nonrandomness in non-coding sequences.

Introduction

Effects of neighbouring sequences on codon translation,

usually referred to as context .effects, have frequently
been evoked to explain puzzling phenomena even when
direct evidence of their responsibility has been weak. As
will be seen below, two quite different approaches have
yielded information about the significance of codon con-
text in translation. Experimental evidence from studies
both in vivo and in vitro shows that context can affect
nonsense suppression, missense suppression, translation-
al errors and frameshifting. Secondly, statistical analysis
of coding sequences reveals that the context around
codons is not random, and that the tendencies towards
nonrandom contexts are different according to the level

Other elements may be due to selective pressure related
to translation.

Evidence from statistical analysis for constraints on codon
context

Several major studies of natural coding sequences have
been performed and point to significant tendencies to-
wards nonrandom codon context. A detailed discussion
of codon preferences and codon context preferences
needs to be prefaced by a consideration of factors that
influence the evolution of non-coding sequences, since



