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ABSTRACT Analysis of an almost cornplete mammalian
mitochondrial DNA sequence has identifiemd23 possible tRNA
genes and we speculate here that these are sufficient to translate
all the codons of the mitochondrial genetic code. This number
is much smaller than the minimum of 31 required by the wobble
hypothesis. For each of the eight genetic code boxes with four
codons for one amino acid we find a single specific tRNA gene
with T in the first (wobble) position of the anticodon. We suggest
that these tRNAs with U in the wobble position can recognize
all four codons in these genetic code boxes either by a "two out
of three" base interaction or by UN wobble.

Mitochondrial DNA codes for a number of tRNAs as well as
ribosomal RNAs and several respiratory proteins. Nineteen
tRNAs have been mapped (by hybridization) on the human
mitochondrial genome (1, 2) and mitochondrial tRNAs specific
for all amino acids except L-proline, glutamine, histidine, and
asparagine have been identified by charging experiments (1).
Similar studies on rat liver mitochondrial tRNAs have identified
all species except those for glutamine and histidine (3). As-
suming that all mammalian mitochondria code for the same
complement of tRNAs, these studies bring the number of
mammalian mitochondrial tRNAs so far identified to 21, which
includes two serine tRNAs, two leucine tRNAs, a tRNAmet, and
a tRNAMet. Studies on purified rat liver mitochondria and
cytoplasmic tRNAs have failed to show any importation of
cytoplasmic tRNAs into the mitochondrion (3). The mito-
chondrial tRNAs had different chromatographic properties on
RPC-5 columns and polyacrylamide gel electrophoresis from
their cytoplasmic counterparts, and no mitochondrial tRNAs
hybridized to nuclear DNA.
The small number of mammalian mitochondrial tRNAs and

the lack of any imported cytoplasmic tRNAs raises the problem
of how these tRNAs recognize all possible codons in mito-
chondrial protein synthesis. On the basis of the wobble hy-
pothesis (4), a minimum of 32 tRNAs are needed to read all
possible codons of the "universal" genetic code. Recent studies
have established that human and bovine mitochondria have a
different genetic code in that UGA is tryptophan and not ter-
mination and AUA is methionine and not isoleucine (ref. 5;
I.G.Y., unpublished results). Thus, a minimum of 31 tRNAs
would be needed.
However, recently a number of in vitro experiments have

indicated that the wobble hypothesis might not apply and that
in some cases the third (wobble) position of the codon has no
discriminatory function. Mitra et al. (6) studied the incorpo-
ration of valine in an in vitro protein-synthesizing system de-
pendent upon added valine tRNA and found that valine tRNAs
with anticodons VAC (V, 5-oxyacetic uridine), GAG, and IAC
could each recognize all four valine codons. From these and
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other results, Lagerkvist (7) proposed an alternative method for
codon reading called the "two out of three" method. Whereas
this mechanism could operate with impunity in the genetic code
boxes with four codons for one amino acid (a codon family), it
would cause misreading in the genetic code boxes with four
codons for two amino acids (non-family boxes). However, if it
were selectively used in the four-codon family boxes, there
being a mechanism to prevent misreading in the non-family
boxes, then a minimum of 24 tRNAs would be needed to decode
the mammalian mitochondrial genetic code. This number is
consistent with the number of tRNAs found in mammalian
mitochondria, and we discuss here the evidence for such a
mechanism operating in human and bovine mitochondria.

RESULTS AND DISCUSSION
We have obtained extensive sequence information on human
mitochondrial DNA (approximately 97% of total sequence) by
using the primed synthesis chain-termination method (8). The
sequence was compiled by using the computer programs of
Staden (9). Fragments of human mitochondrial DNA were
cloned in pBR322 (10) and single-stranded template DNA was
generated by the exonuclease III technique (11). Similarly,
fragments of bovine mitochondrial DNA were cloned and se-
quenced by using the bacteriophage M13 vector (12). These
fragments span the areas in human mitochondrial DNA where
we have no sequence data. Because of the high homology be-
tween human and bovine mitochondrial DNA (unpublished
data), the two sets of data were combined to produce a virtually
complete mammalian mitochondrial DNA sequence with few
remaining ambiguous sequences. In this sequence we have
identified 23 tRNA genes by visual inspection and by using the
program TRNA (13) which searches for the base-paired clo-
verleaf structures of tRNAs. The identification of two of these
genes, those for tRNAM' (AUA/G) and tRNASer (AGU/C), are
considered tentative. This number confirms the 21 tRNAs
identified by earlier studies (1-3) and identifies the tRNAs for
glutamine and histidine which were previously not found. If
additional tRNA genes lie in those areas of the sequence where
there are ambiguities, then one or two more genes at the most
are considered possible. The identification of several of these
genes has been confirmed by sequence studies on the bovine
mitochondrial tRNAs, and these studies also show that there are
only 22-24 unique tRNA sequences found in bovine mito-
chondria (B.A.R. and E.C., unpublished results). The sequences
of these tRNAs and a discussion of their unusual structures will
be published elsewhere. The tRNAs have been identified by
their anticodon sequences as given in Table 1.
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Table 1. Anticodon sequences of human mitochondrial
tRNA genes

Anticodon Codon Amino acid

Family boxes (codons ending in N):
TAG CUN Leu
TAC GUN Val
TGA UCN Ser
TGG CCN Pro
TGT ACN Thr
TGC GCN Ala
TCG CGN Arg
TCC GGN Gly

Non-family boxes (codons ending in Y):
GAA UUY Phe
GAT AUY Ile
GTA UAY Tyr
GTG CAY His
GTT AAY Asn
GTC GAY Asp
GCA UGY Cys
GCT* AGY Ser

Non-family boxes (codons ending in R):
TAA UUR Leu
TAT* AUR Metm
TTG CAR Gln
TTT AAR Lys
TTC GAR Glu
TCA UGR Trp

Initiation codon:
CAT AUG Metf

Sequences were deduced from the DNA sequence and assigned to
specific amino acids and codons by using the modified human and
bovine mitochondrial genetic code (ref. 5; I.G.Y., unpublished results).
No tRNA gene for Arg (AGR) has been found. Abbreviations: Y, py-

rimidine; R, purine; N, any base.
* The identification of the tRNA genes for Metn, (AUR) and Ser
(AGY) is considered tentative.

If we consider the eight boxes in the genetic code where a

mechanism such as "two out of three" reading can operate
without causing misreading-i.e., in the four-codon fain-
lilies-then a striking pattern of codon/anticodon relationships
is seen. Only one tRNA for each such box is found and in each
case, ignoring any possible modification, the tRNAs have U in
the first position of the anticodon-i.e., the wobble position. On
the basis of G-U wobble, these tRNAs should only recognize the
bottom two codons in these boxes. The wobble hypothesis
predicts that these boxes would be decoded by using G-U
wobble as follows: the top two codons in the valine box (GUU
and GUC) are recognized by the anticodon GAC and the bot-
tom two codons (GUA and GUG) are recognized by the anti-
codon UAC. No mitochondrial tRNAs are found having G in
the first position of the anticodon to recognize the top two co-

dons. They are found, however, in the non-family boxes where
the top two codons are used for a different amino acid than the
one for the bottom two. We have found tRNAs with the pre-

dicted G-U wobble anticodons for all these boxes except arginine
AGA/G, in addition to an AUG specific formylmethionine
initiator tRNA. Here it is interesting to note that the two
changes in the human mitochondrial genetic code are brought
about by G-U wobble tRNAs for methionine codons AUA and
AUG and tryptophan codons UGA and UGG.

Analysis of the codon usage in two well-characterized genes

in human mitochondrial DNA, those for cytochrome oxidase

subunits II and III (ref. 5; unpublished results), show that all
; Moons are used in these genes except for Ser UCG, Lys AAG,
Arg CGG, AGA, and AGG (Fig. 1). Therefore, tRNAs must exist
to recognize the top two codons in the family boxes. As previ-
ously discussed, it is unlikely that the extra eight tRNAs are
imported from the cytoplasm or coded for by the mitochondrial
DNA. Thus, we conclude that all four codons in the family
boxes are read by a tRNA with first position U in the anticodon.
The predicted pattern of decoding is shown in Fig. 1. A similar
conclusion has been reached for Neurospora and yeast mito-
chondria by Heckman et al. (14) and Bonitz et al. (15).
The decoding of these family boxes could operate by a two

out of three base codon/anticodon pairing or the U in the first
position of the anticodon could recognize any base in the third
position of the codon. Whatever mechanism is being used, it
must not occur in the non-family boxes; otherwise, misreading
would occur. A discrimination mechanism is suggested by
Heckman et al. (14) who studied Neurospora crassa mito-
chondrial tRNAs. Neurospora also codes for a limited number
of tRNAs-less than the 32 needed to recognize all codons by
G-U wobble-although nothing is known about the codon usage
or the possible importation of cytoplasmic tRNAs into N. crassa
mitochondria. Sequence analysis of several N. crassa mito-
chondrial tRNAs by Heckman et al. (14) reveals that a codon
recognition pattern similar to that of human mitochondrial
tRNAs is found and that the tRNAs for the family boxes have
an unmodified U in the wobble position and the tRNAs specific
for the bottom two codons in the nonfamily boxes have an un-
known modified U in this position. Thus, the modified U could
serve to prevent misreading of the top two codons in the non-
family boxes, whereas the unmodified U could allow recogni-
tion of all four codons in the family boxes. The pattern of
modification is not yet known for mammalian mitochondrial
tRNAs but it would seem likely that a pattern similar to that
described by Heckman et al. (14) for N. crassa will be
found.

In this connection it is interesting that, in all published tRNA
sequences (16) with U in the wobble position, the U is always
found to be modified with the exception of yeast tRNAbuG
(17-19). This tRNA has an unusual codon recognition pattern
in that it can somehow recognize all six leucine codons. How-
ever, the situation in prokaryotes and in the cytoplasm of eu-
karyotes must be more complex with a greater number of tRNA
species being used, and it is difficult to draw any analogy be-
tween the patterns of modification of these tRNAs and those
of the mitochondria.

Does the U in the first position of the anticodon of the mito-
chondrial tRNAs specific for the family boxes pair with all four
bases or is there a strict two out of three base codon/anticodon
interaction? Crick (4) in his wobble hypothesis noted that U-U
and U-C base pairs were possible but discounted them on the
basis that they were too close and would cause misreading in
the non-family boxes. Grosjean et al. (20) have examined the
stability of a number of anticodon/anticodon interactions and
found that the only stable nonwobble pairs involved U (or 2-thio
derivatives of U) pairing with U and C. They also found by
model building that U-U and U-C pairs are possible. Thus, U
is the only base that can possibly form a stable base pair with
A, G, C, or U and it is significant that all the tRNAs for the
codon families have U in the wobble position. This would seem
to suggest that this U wobbles with all four bases in the third
position of the codon and that there is not a two out of three base
interaction with the U remaining unpaired.

Finally, we have strongly suggestive evidence that a further
simplification of the mammalian mitochondrial genetic code
has occurred. The pattern of codon recognition shown in Fig.
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FIG. 1. Predicted pattern of codon recognition by mammalian mitochondrial tRNAs. Each internal box represents codons predicted to
be recognized by a single tRNA using URN wobble for the genetic code boxes with four codons for one amino acid and G-U wobble for the genetic
code boxes with four codons for two amino acids. The number of codons found in the genes for cytochrome oxidase subunits II and III are listed
alongside (ref. 5; unpublished results).

1 predicts that we should find a tRNA gene in the mitochondrial
DNA sequence with a G.U wobble anticodon for the arginine
codons AGA and AGG. No codons for arginine AGA and AGG
are found in the genes for cytochrome oxidase subunits II and
III, and an analysis of all significant reading frames in the rest
of the sequence suggests that AGA and AGG are probably
termination codons and not coding for arginine (unpublished
results). Thus, mammalian mitochondria may only use 23
tRNAs to translate its genetic code.
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