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ABSTRACT UGA is a nonsense or termination (opal) co-
don throughout prokaryotes and eukaryotes. However, mito-
chondria use not only UGG but also UGA as a tryptophan
codon. Here, we show that UGA also codes for tryptophan in
Mycoplasma capricolum, a wall-less bacterium having a
genome only 20-25% the size of the Escherichia coli genome.
This conclusion is based on the following evidence. First, the
nucleotide sequence of the S3 and L16 ribosomal protein genes
from M. capricolum includes UGA codons in the reading
frames; they appear at positions corregponding to tryptophan
in E. coli S3 and L16. Second, a tRNA""P gene and its product
tRNA found in M. capricolum have the anticodon sequence
§' U-C-A 3, which can form a complementary base-pairing
interaction with UGA.

We recently have sequenced a part of the Mycoplasma cap-
ricolum ribosomal-protein gene cluster that codes for poly-
peptides highly homologous to the Escherichia coli riboso-
mal proteins S3 and L16. The sequence contains four UGA
codons in the reading frames; three appear at the sites corre-
sponding to tryptophan, and one, at a site corresponding to
arginine in the E. coli proteins. No “universal” UGG codon
for tryptophan has so far been found. We have also isolated a
clone containing a pair of M. capricolum tRNA genes, the
sequence of both of which resembles that of tRNAT™ of E.
coli. The anticodon sequence of one of these tRNA genes is
5'-T-C-A-3’, which can base-pair with both opal codon UGA
and universal tryptophan codon UGG. That of the other is
5'-C-C-A-3', which may base-pair exclusively with UGG.
These two tRNA genes are expressed in the cell. All these
findings suggest strongly that, in M. capricolum, UGA codes
for tryptophan using the opal tRNAyca but not tRNAcca.

RESULTS AND DISCUSSION

UGA Codons in M. capricolum S3 and L16 Genes. As re-
ported in a previous paper (1), we isolated the recombinant
plasmid pMCB1088 containing a 9-kilobase-pair fragment of
M. capricolum DNA. The fragment contains the genes for at
least nine ribosomal proteins—S3, S5, S8, S14, S17, LS, L6,
L16, and L18—as deduced from its encoded protein se-
quences being highly homologous with the corresponding E.
coli ribosomal protein sequences (refs. 1 and 2; unpublished
results). Fig. 1 shows the complete nucleotide sequence of a
629-base-pair (bp) HindIII fragment which is a part of the
insert of pMCB1088 (see refs. 1 and 2). The DNA corre-
sponds to the 3’ half of the S3 gene and about 90% of the L16
gene from the 5’ terminus. When the M. capricolum se-
quences are aligned with the E. coli protein sequences (3, 4)
(Fig. 1), four UGA (opal) codons are found within the read-
ing frames. The possibility that these UGA codons are termi-
nation signals can be excluded by their occurrence in the
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regions having extensive sequence homologies with the E.
coli proteins. More importantly, three out of the four UGA
codons appear at the positions corresponding to tryptophan
in the E. coli proteins. This suggests that UGA is a sense
codon, probably for tryptophan, in M. capricolum. No UGG
codon for tryptophan has so far been found. One UGA ap-
pears in S3 at a site corresponding to arginine in the E. coli
L16.

Genes for Tryptophan tRNAs. Since UGA, which is a stop
codon in the universal code, seems to be read as tryptophan
in M. capricolum, one would expect the occurrence of an
opal tRNA that can decode the UGA codon. Plasmid pM-
CH964, having a 2.0-kilobase-pair HindIII fragment in
pBR322, was isolated as one of the clones that hybridize
with unfractionated M. capricolum tRNAs. By restriction
mapping of this fragment followed by hybridization with 32P-
labeled total M. capricolum tRNAs, the tRNA genes were
localized within a 600-bp Alu I subfragment that had been
derived from the middle part of the HindIII fragment (data
not shown). The DNA sequence of this region (Fig. 2) re-
vealed the presence of a pair of tRNA genes with a 40-bp
spacer between them. The tRNA encoded by the first gene
has an anticodon sequence 5'-U-C-A-3' that can decode both
opal codon UGA and universal tryptophan codon UGG,
whereas the second one has an anticodon sequence 5'-C-C-
A-3' for the universal UGG codon for tryptophan (Fig. 3).
The structural gene region for these two tRNAs is preceded
by the expected promoter structures: a Pribnow-box-like se-
quence (underlined in Fig. 2) =20 bp upstream and a —35 se-
quence (also underlined in Fig. 2) 45 bp upstream from the
coding sequences. The tRNA genes are followed by a proba-
ble termination signal: a dyad symmetrical structure and a
stretch of thymidine residues (indicated by two arrows and
by a broken line, respectively, in Fig. 2) 24 bp downstream
from the coding sequence for tRNAcca. The above structure
suggests that the two tRNA genes are arranged in a single
operon. The tRNAyc4 gene could have emerged by duplica-
tion of the tRNAcca gene, since the two tRNA genes are
closely related to each other not only in their tandem linkage
on the chromosome but also in their high sequence homolo-
gy (78% identity) and both tRNAyca and tRNAcca can be
charged with tryptophan in vitro (see below).

Expression of tRNAT™ Genes. To determine whether the
two tRNA genes described above are expressed in vivo, we
purified tRNAs that hybridize with the DNA fragment con-
taining these two tRNA genes. The purification procedure
consists of hybridization of crude tRNAs with the DNA frag-
ment, followed by identification of the hybridized tRNAs by
sequencing. Since tRNAyca is one base longer than
tRNACca, as deduced from their DNA sequences, they may

Abbreviation: bp, base pair(s).
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AA GCT TTA‘;AéA GCT GGA GCT AAA GGA ATT AAA ACT GCT GTA AGT GGA AGA TTA GGT GGA GTT 062
M.c. Ala LeulLys-: Ala|Gly Ala Lys Gly Ile Lys|Thr Ala|Val Ser Gly Arg Leu Gly Gly|Val
E.c. AlajMet :_A_r.gJ‘ Leu}Gly Ala Lys Gly Ile Lys|Val Glu|Val Ser Gly Arg Leu Gly Gly|Ala

GAA ATG GCA CGT ACT GAA GGA TAT TTA GAA GGT TCA GTA CCA CTA TCA ACT TTA AGA AAT 122
M.c. Glu|Met|Ala Arg Thr Glu|Gly| Tyr|Leu Glu|Gly|Ser|Val Pro Leu|Ser|Thr Leu Arg|Asn
E.c. GlujIle|Ala Arg Thr Glu|Trp| Tyr]Arg Gln|Gly|Arg|Val Pro Leu|His|Thr Leu Arg|Ala

AAT ATT GAT TAT GCT TTA TAT GAA GCT CCA ACA ACA TAT GGT CAA ATT GGA GTT AAA GTA 182
M.c. Asn|Ile Asp TyrjAla Leu Tyr Glu|Ala|ProjThr Thr Tyr Gly|Gln|Ile Gly Val Lys Val
E.c. Asp|Ile Asp Tyr|Asn Thr Ser Gln|Ala}His|Thr Thr Tyr Gly|Val|Ile Gly Val Lys Val

TéA ATT AAT CAT GGT GAA GTA TTT --- --- --- ——— AAA AAA GAA AGA ATG AAT AAT TCA 230
M.c. TRP Tle|Asn His|Gly Glu ValiPhe --- -—- ——— ——- Lys Lys[GIlu]Arg Met Asn Asn Ser
E.c. Trp Ile|Phe Lys|Gly Glu Ile_: Leu Gly Gly Met Ala Ala Val|Glu|Gln Pro Glu Lys Pro
- S3 End L16 Start
CAA ATA ATG GCA AAA CCA AGA ACT AAT AAA GGA GGT AAA AGA TAA TT- ATG TTA CAA CCA 289
M.c. Gln Ile Met Ala|Lys|Pro Arg Thr Asn|{Lys Gly|Gly|Lys]Arg --- Met Leu Gln Pro
E.c. Ala Ala Gln Pro|Lys|Lys Gln Gln Arg|Lys GlyjArg|Lys Met Leu Gln Pro

AAA AGA ACA AAA TAT CGT AAA CCT CAT AGA GTT AGT TAT GAA GGA AAA GCT AAA GGA GCT 349
M.c. Lys Arg|Asn[Lys]Tyr[Arg Lys]ProfHis|ArgiVal Ser Tyr Glu[Gly|Lys[Ala|Lys[Gly}Ala
E.c. Lys Arg|Thr|Lys|Phe|Arg Lys|Met|His Lys:Gly Arg Asn Arg|Gly|Leu]Ala|Gln|Gly}Thr

*

AAA GAA ATT AAC TTT GGT GAA TTT GGT TTA ATG GCT TTA GAT GGT GCT TGA ATT GAT AAT 409
M.c. Lys Glu:-Ile:Asn Phe Gly]Glu|Phe Gly Leu|Met|Ala Leu} Asp Gly Ala TRP: Ile-fAsp Asn
E.c.  Asp ---!VallSer|Phe Gly|Ser|Phe Gly Leu|Lys|Ala]VallGly Arg Gly ArgjLeu]Thr Ala

CAT CAA ATA GAA GCT GCG CGT ATT GCT ATG ACA CGT TAT ATG AAG CGT GAT GGA AAA ATT 469
M.c. His|Gln Ile Glu Ala Ala ArgjIle|Ala Met Thr Arg|Tyr Met|Lys Arg|Asp|Gly Lys Ile
E.c. Arg|Gln Ile Glu Ala Ala ArglArg|Ala Met Thr ArgjAla Val|Lys Arg|GIn|Gly Lys Ile

*
TGA ATG AGA ATT TTC CCA CAT ATG GCA ATG ACT AAA AAA CCT GCT GAA GTT CGT ATG GGT 529
M.c. TRP|Met [Arg|Ile|Phe ProjHis Met Ala Met|Thr|Lys|Lys Pro|Ala Glu|Val Arg Met Gly
E.c. Trp|Ile|Arg|Val}Phe ProjAsp Lys Pro Ile}Thr|Glu|jLys Pro|Leu Ala|Val Arg Met Gly

- -

*
TCA GGA AAA GGA AAT CCT GAA AAA TGA GTA GCA GTA GTT AAA AAA GGA ACA ATT ATG TTT 589
M.c. Ser|Gly Lys Gly Asn|Pro|Glu]Lys|TRP Val Ala|Val ValiLys Lys|Gly ThrilieMet Phe
E.c. Lys|Gly Lys Gly Asn|Val|Glu|Tyr|Trp Val Ala|Leu Ile} Gln Pro|Gly]Lys LVgl_.,'Leu Tyr

GAA GTT GCT CAA GTA AAT GAG CAA GTA GCT AGA GAA GCT T 629
M.c. Glu]Val Ala Gln[Val]Asn[GIu]Gln{Vai[Ala Arg Glu Ala
E.c. Glu|{Met Asp Gly|Val]|Pro|Glu GluLL_eB Ala Arg Glu Ala

Fic. 1. DNA sequence of a part of M. capricolum S3 and L16 ribosomal protein genes. The DNA sequence of the mRNA-like strand,
together with the predicted amino acid sequence, of a HindIIl fragment from a plasmid pMCB1088 (see ref. 1) that contains a part of M.
capricolum [American Type Culture Collection 27343 (Kid)] ribosomal protein S3 and L16 genes (M.c.) was aligned with the corresponding E.
coli protein sequences (E.c.). The sites for identical amino acids and those of conservative amino acid substitution are boxed with solid and
dotted lines, respectively. TGA triplets are marked with asterisks. DNA sequencing was performed by the chain-termination methods (5, 6).

TTTAACTATT CAAGAAATAT ATTAATAATT TAGAATCTGA AATTAACAAT ATTAATGTAA TGAGTGTTTA TAATACCATT GATTTATTAT TAAAAGAACA 100

TATCGTTTTT GCTAATACTT TTAATGGAAA AGATATTTCT TATGAAATAG CAGCTGATAA ATCTGTTCAT TTAAAGTGTG ATGAATGTTT AAAAGTAATT 200

CACTTAGATG ATAAGAACAT AAAAAATTAT CACTTTTTAG AATTATTAGA TTTATGTGAA AAATATAATA TTAAATTAAC TCATTTCAAA TCGAAGGTCA 300

400
ATAGGTGAGT TTTAﬂAGGGG CATAGTTCAG TAGGTAGAAC ATCGGTCTTC AAAACCGAGT GTCACGAGTT CGAGTCTTGT TGCCCCTGCC AFTTTGAAAG 500

TGGGTATTGT TTAAATGTTC AAATAAAGAA ATAAATAAGT AGGTAAGTTA GCTAATGATA CGCATTTGCC TTGAAAAACT CATTAATTGA CTTTATAATT

CAAATCACAC TTTGTGTGAT TTTTTTAThG GAGAGTAGTT CAATGGTAGA ACGTCGGTCT CCAAAACCGA GCGTTGAGGG TTCGATTCCT TTCTCTCCTG 600

CCE!AAGAAA TAAAAAAAAA CTGGAAATTC CAGTTTTTTT ATTCTTCAAT TGCAACAAAA CCTATAGTTT CAATTCCTGC ATGAATAGTG TAAATATTTG 700

GCACATATCC ATGAATAAAT TTTACTTTTT CATCACTAAG AATTTGCTTA ACAATTTCAA CAGTTTTGCT TGATGTTAGT GGAGTTGATA AAAAATATAA 800
TTTATATTTA TTTTTTTTAA ACTTGTTAGA AAGATTTTTT AATCAATTTT TCAATAAGAC TATTGTAAGT TCTTCCAATG GCTTCTTTTT TAGGTTCTTT 900
TGCTCAAACG ATTAGTAATT TAGTTTTTAA AAGATTTAAA ACAGTTGTAA TAACTCCTTT AGCTCTACCA CCACTTGATA ATTTTTTTAG ATCT 1000
FiG. 2. DNA sequence of two tryptophan tRNA genes and their flanking region. Coding sequences for tRNAyca and tRNAcc, are boxed.

A Pribnow box-like structure and —35 sequences are underlined. Probable transcription-termination (dyad symmetrical) structure is shown by
two arrows. A stretch of thymidine residues is shown by a broken line.
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Fi1G. 3. Cloverleaf structures of tRNAyca (a) and tRNAcc4 (b)
deduced from DNA sequence.

be easily distinguished by polyacrylamide gel electrophore-
sis. Fig. 4 shows an electrophoretic separation of tRNAs, the
3’ ends of which were labeled with [**P]pCp and T4 RNA
ligase after hybridization with the DNA fragment (see lane
a). Only two tRNA species, differing slightly in length, pre-
dominated. Partial sequence analysis of these tRNAs by the
chemical degradation method revealed that the fast migrat-
ing one agreed with the DNA sequence for the tRNAcca
gene, and the other, with that for the tRNAyca gene (data
not shown). Thus, in the cells, both the genes for tRNAyca
and tRNAcca are transcribed and processed. However,
when tRNAs were purified without first removing amino ac-
ids, tRNAcca was predominantly labeled with [**P]pCp
(Fig. 4, lane b). This suggests that the bulk of the tRNAyca
molecules but not tRNAcca have been already charged with
amino acids in vivo, because amino acid bound to the -C-C-A
terminus would prevent the ligation of [**P]pCp to the 3’
end. To verify this and identify the amino acid bound to
tRNAyca, the following experiment was performed. The
deacylated tRNAs were incubated for a short period with
amino acid in the presence of the M. capricolum S-100 frac-
tion to reacylate the tRNAs. Charging the tRNAs with tryp-
tophan inhibited the incorporation of [**PlpCp into both
tRNAcca and tRNAyca (Fig. 4, lane d), whereas other amino
acids, leucine for example, did not affect the labeling effi-
ciency (Fig. 4, lane c). These results indicate that both
tRNAcca and tRNAyca accept tryptophan in vitro.

The presence of tRNAJR®, in M. capricolum strongly sup-
ports the idea that UGA is translated as tryptophan by using
this tRNA. Tryptophan is “universally” coded for by a single
codon, UGG, which is decoded by tRNAcca throughout
prokaryotes (9) and eukaryotes (10). In mitochondria, not
only UGG but also UGA are used as tryptophan codons (11-
13), both of which are translated by a single tRNA with the
anticodon UCA (14-17). Thus, the discovery of two tRNA
species having anticodon sequences of, respectively, CCA
and UCA in one genetic system contrasts with previous ob-
servations in other systems. Although the UCA anticodon
can decode both UGA and UGG according to the wobble
theory (18), we have not so far found UGG codons in the
reading frames not only in the S3 and L16 genes but in other
ribosomal protein genes (see also ref. 2). This suggests that
UGA is predominantly, if not exclusively, used as a trypto-
phan codon in M. capricolum. 1t is thus interesting to see
whether and how tRNAcca participates in translation. The
failure to find tRNAcca appreciably charged in vivo with
tryptophan might mean that its role is subsidiary.
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FiG. 4. Hybridization of tRNAs with pMCH964 DNA. Total
tRNAs were prepared from M. capricolum by direct phenol extrac-
tion, followed by hybridization with pMCH964 DNA. For hybridiza-
tion, pMCH964 DNA (1 mg) was fragmented by sonication and
bound to a Sephacryl S-500 column according to the method of Biin-
emann and Westhoff (7). Hybridization was carried out at 42°C for
24 hr in a hybridization buffer containing 20 mM Pipes [piperazine-
N,N'-bis(2-ethanesulfonic acid)] (pH 6.5), 0.6 M NaCl, 1 mM
EDTA, 0.2% NaDodSO,, and 50% (vol/vol) formamide. After un-
bound material was removed by washing with the hybridization
buffer at 42°C, the hybridized tRNAs were eluted with the buffer at
90°C, precipitated, and washed with 70% (vol/vol) ethanol. The
tRNAs so obtained were incubated at 37°C in 100 mM Tris-HCI (pH
10.0) for 30 min to “strip” amino acid (deacylate), if necessary. The
3’ ends of the tRNAs were labeled with [>2P]pCp and T4 RNA ligase
as described by Peattie (8), followed by electrophoresis in 12% poly-
acrylamide gel and autoradiography. Electrophoresis was at 50
V/cm for 5 hr (lanes a and b) or at 10 V/cm for 30 hr (lanes c—e).
Lanes a and b: tRNAs hybridized to pMCH964 DNA and labeled
with [32P]pCp after deacylation (a) or without deacylation (b). Lanes
c and d: tRNAs were aminoacylated with leucine (c) or tryptophan
(d) before [*?P]pCp labeling. Lane e: tRNAs were incubated with the
S-100 fraction from M. capricolum without amino acid. Aminoacyla-
tion was carried out at 37°C for 5 min in a reaction mixture consist-
ing of 50 ul of 0.2 M sodium cacodylate buffer (pH 7.0) containing 10
mM magnesium acetate and 8 mM ATP, 10 ul of amino acid solution
(1 mM), 20 ul of the M. capricolum S-100 fraction, and 10 ul of H,O
in a total volume of 100 ul.

Evolutionary Aspects. The A+T content of the M. caprico-
lum genome is about 75%, one of the highest among all orga-
nisms. Reflecting this, an obvious preference for adenosine
and thymidine in the M. capricolum genome has been seen in
various regions: e.g., rRNA genes (19), their spacers (20),
and codons (2). In a previous paper (2), we have demonstrat-
ed that the codons used for the M. capricolum ribosomal
proteins S8 and L6 are strongly biased to those rich in A and
U and that more than 90% of the codons have A or U at the
third position. The same tendency of codon usage can be
seen in the S3 and L16 genes, as shown in Fig. 1. The total
A+T content of the coding regions is about 67%, and only 12
out of the total 207 codons have G or C at the third position
[9 of these 12 are AUG (methionine) codons]. This suggests
that the constraint for the preferential use of A and T in the
protein genes is operating at the DNA level as a selection
force. Thus, the use of UGA rather than UGG as a trypto-
phan codon in M. capricolum may be the consequence of
this evolutionary pressure.

It has been suggested that mitochondria have evolved
from certain prokaryotes by endosymbiosis (21, 22). The use
of UGA as a tryptophan codon in M. capricolum as in mito-
chondria raises an interesting possibility in the phylogenetic
relationship between mycoplasmas and mitochondria. My-
coplasmas are parasitic in eukaryotes, and the A+T-richness
of their genomic DNAs resembles that of the mitochondrial
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DNAs of lower eukaryotes. The codon usage of the yeast
mitochondrial protein genes is strongly biased to the A- and
U-rich codons (13, 23, 24), as is the case in M. capricolum
(2). Furthermore, the M. capricolum tRNAJ®, sequence is
more similar to yeast mitochondrial tRNATR, (14) (66%
identity) than to cytoplasmic tRNAZ®, (25) (55% identity).
Thus, the mycoplasma-like organisms might have played
some role in the evolution of mitochondria.

The deviation from the universal codons that occurs in mi-
tochondria, such as AUA for methionine instead of isoleu-
cine and AGA for nonsense instead of arginine (11), may not
be the case in M. capricolum, because AUA can be seen in
the reading frame of the M. capricolum genes at the posi-
tions corresponding to isoleucine in the E. coli protein se-
quences (e.g., the 47th codon of the L16 gene in Fig. 1) and
AGA is the most abundantly used codon for arginine in this
organism (2).
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