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ABSTRACT We report the sequences of Neurospora crassa
mitochondrial alanine, leucinel, leucine2, threonine, tryptophan,
and valine tRNAs. On the basis of the anticodon sequences of
these tRNAs and of a glutamine tRNA, whose sequence analysis
is nearly complete, we infer the following: (i) The N. crassa
mitochondrial tRNA species for alanine, leucine2, threonine,
and valine, amino acids that belong to four-codon families
(GCN, CUN, ACN, and GUN, respectively; N = U, C, A, or G)
all contain an unmodified U in the first position of the antico-
don. In contrast, tRNA species for glutamine, leucinel, and
tryptophan, amino acids that use codons ending in purines (CAt,URJC, and UGG, respectively) contain a modified U derivative
in the same position. These findings and the fact that we have
not detected any other isoacceptor tRNAs for these amino acids
suggest that N. crassa mitochondrial tRNAs containing U in the
first position of the anticodon are capable of reading all four
codons of a four-codon family whereas those containing a
modified U are restricted to reading codons ending in A or G.
Such an -expanded codon-reading ability of certain mitochon-
drial tRNAs will explain how the mitochondrial protein-syn-
thesizing system operates with a much lower number of tRNA
species than do systems present in prokaryotes or in eukaryotic
cytoplasm. (ii) The anticodon sequence of the N. crassa mito-
chondrial tryptophan tRNA is U*CA and not CCA orCmCA as
is the case with tryptophan tRNAs from prokaryotes or from
eukaryotic cytoplasm. Because a tRNA with U*CA in the anti-
codon would be expected to read the codon UGA, as well as the
normal tryptophan codon UGG, this suggests that in N. crassa
mitochondria, as in yeast and in human mitochondria, UGA is
a codon for tryptophan and not a signal for chain termination.
(iii) The anticodon sequences of the two leucine tRNAs indicate
that N. crassa mitochondria use both families of leucine codons
(UUA and CUN; N = U, C, A, or G) for leucine, in contrast to
yeast mitochondria [Li, M. & Tzagoloff, A. (1979) Cell 18, 47-53]
in which the CUA leucine codon and possibly the entire CUN
family of leucine codons may be translated as threonine.

Mitochondria exist within the cytoplasm of eukaryotic cells (1).
They contain a DNA genome and a protein-synthesizing system
that is distinct from the system in the cytoplasm (2, 3). Virtually
all of the protein components of the mitochondrial protein
biosynthetic machinery are coded for by the nuclear DNA,
made in the cytoplasm, and imported into the mitochondria.
In contrast, it appears that all the RNAs necessary for mito-
chondrial protein synthesis (ribosomal, transfer, messenger) are
made inside the mitochondrion. Although the sizes of mito-
chondrial DNAs from different sources vary, in all cases the
mitochondrial DNA codes for 8-12 proteins, at least two ribo-
somal RNAs, and several tRNAs (2, 3).
A puzzling observation until now has been that the number

of different tRNA species present in fungal (4, 5), amphibian

(6), and mammalian (7) mitochondria is less than the minimum,
32, needed to read all the codons of the genetic code using the
codon/anticodon pairing rules proposed by Crick (8). How then
does the mitochondrial protein-synthesizing system read all the
codons of the genetic code? Several possibilities may be con-
sidered: (i) import of certain tRNAs into mitochondria from
cytoplasm (9), (f1) restricted codon usage in mitochondrial
mRNAs, and (iii) unusual codon-reading abilities of mito-
chondrial tRNAs (2, 10). According to this last possibility, cer-
tain mitochondrial tRNAs could read more than the two or
three codons (11) allowed by the wobble hypothesis of Crick
(8). In this paper we show that this last possibility is most likely
the correct explanation in Neurospora crassa mitochondria and
we propose a molecular basis for this based on the tRNA se-
quences that we have determined.

Previously, we described the sequences of N. crassa mito-
chondrial formylmethionine and tyrosine tRNAs (12, 13) and
discussed some of the interesting and unusual structural features
that we found in these tRNAs. Here, we report the sequences
of six more of the N. crassa mitochondrial tRNAs. Based on the
unusual nature of the anticodon sequences of some of these
tRNAs, we suggest that some N. crassa mitochondrial tRNAs
are capable of reading all the codons of a four-codon family.
Similar conclusions have been arrived at by Barrell et al. (14)
based on the DNA sequences corresponding to tRNAs in human
mitochondria. In addition, the anticodon sequence of N. crassa
mitochondrial tryptophan tRNA suggests that UGA is a codon
for tryptophan and not for chain termination in N. crassa mi-
tochondria.

MATERIALS AND METHODS
Purification of tRNAs. This was carried out essentially as

described (12, 13) using two steps of RPC-5 column chroma-
tography except purification of tryptophan tRNA required an
additional step involving electrophoresis on a 15% polyacryl-
amide slab gel. Threonine tRNA was also purified in two steps,
a single RPC-5 chromatography (13) step followed by elec-
trophoresis on 15% polyacrylamide gel.
Sequence Analysis of tRNAs. The procedures used were as

described for the N. crassa mitochondrial initiator and tyrosine
tRNAs (12, 13) and have been described in detail in a recent
review (15). All of the oligonucleotides produced by complete
TI RNase or pancreatic RNase digestions of the tRNAs were
labeled at their 5' ends with 32p (16) and their sequences were
determined. Various methods involving in vitro 32p labeling
were then used to obtain the overlap data necessary to align
these oligonucleotides into a unique sequence for the tRNAs
(13, 15).
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FIG. 1. Sequences of N. crassa mitochondrial alanine, leucine2, threonine, and valine tRNAs in cloverleaf form. Unusual features that dis-

tinguish these mitochondrial tRNAs from most prokaryotic or eukaryotic cytoplasmic tRNAs are shown in boxed regions. The threonine tRNA
shows the same unusual feature in the D loop and TIC loop noted previously in N. crassa mitochondrial initiator tRNA (12) and also in yeast
mitochondrial aspartic acid tRNA (A. Tzagoloff, personal communication). Also shown underneath each tRNA sequence are the potential codons
(N = A, C, U, or G) that could be read by these tRNAs.

RESULTS AND DISCUSSION
Codon-Reading Patterns in Mitochondria. Figs. 1 and 2

show in cloverleaf form the six N. crassa mitochondrial tRNAs
whose sequences are being reported here.

The most striking result is that, among the tRNAs analyzed,
the alanine, leucine2, threonine, and valine tRNA species, whose
amino acids use four-codon families (GCN, CUN, ACN, and
GUN, respectively) all contained an unmodified U in the first
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position of the anticodon (Fig. 1), whereas the glutamine (un-
published result), leucinel, and tryptophan tRNAs (Fig. 2),
whose amino acids use codons ending in purines (CAA, UU,
and UGA, respectively) contained a modified U at the same
position. The presence of an unmodified U residue in the first
position of an anticodon sequence is unusual and contrasts with
the situation in tRNAs from prokaryotes and from eukaryotic
cytoplasm in which a U residue at this position is always mod-
ified (17). The only exception to this is a yeast leucine tRNA
(18). The fact that an unmodified U is present in the anticodon
sequence of only those tRNAs corresponding to amino acids
with four-codon families combined with the fact that we have
so far not detected any other isoacceptor species for these tRNAs
suggests that mitochondrial tRNAs with an unmodified U in
the first position of the anticodon are capable of reading all the
codons of a four-codon family (11), whereas those having a
modified U at this position, such as glutamine, leucinel, and
tryptophan tRNAs, are restricted to reading codons ending in
A or G.

If this hypothesis is correct, there would be no need to have
multiple isoacceptor tRNAs for the eight four-codon families
in the genetic code. This would reduce the number of tRNA
species needed to read all the codons of the genetic code from
32 to 24, which is about the number of tRNA species that have
been found in most fungal, amphibian, and mammalian mi-
tochondria (4-7). Our results do not exclude the possibility that
restricted codon usage also accounts in part for the reduced
number of tRNA species in some mitochondria, but the avail-
able data on codon utilization patterns in yeast (19, 20) and
human (21) mitochondria indicate that this cannot be the sole
explanation.
Our hypothesis suggests that U in the first position of the

anticodon of a mitochondrial tRNA can pair not only with A
and G as allowed for by the wobble hypothesis (8) but also with
U and C. Although U-U and U.C pairs can form two hydrogen
bonds each, in the wobble hypothesis (8) such pairings were
considered possible but unlikely because their formation would
necessitate bringing the glycosidic bonds much closer together
than in the standard base pairs. More recently, on the basis of

Leucine,

a study of complex lifetimes between tRNAs with comple-
mentary anticodons, Grosjean et al. (22) concluded that U.U
and U.C base pairs do in fact contribute substantially to complex
stability and proposed a conformational change involving a
concerted rotation of the C(4')-C(5') and 0(5')-P bonds of the
3'-terminal nucleotide of the codon to bring the two bases close
enough for pairing. It is likely that ribosomes play an important
role in either facilitating or hindering such a conformational
change. If such a conformational change is necessary for U-U
or U-C pairing to occur, it is probable that mitochondrial ri-
bosomes do facilitate it. Whether Escherichia coli and other
ribosomes would also accommodate such a conformational
change is unknown. It would be of interest to study the coding
properties of the purified mitochondrial tRNAs containing U
in the first position of the anticodon in both E. coli and mito-
chondrial protein-synthesizing systems to examine whether they
can read all four codons in both systems or whether they would
be more restricted in their coding properties in the E. coli
system.
Our suggestion that U in the first position of the anticodon

sequence of mitochondrial tRNAs can read all four nucleotides
might at first glance appear to be the same as the "two out of
three" codon-reading hypothesis of Lagerkvist (11) for amino
acids belonging to four-codon families. The difference is that
the four N. crassa mitochondrial tRNAs, reported here, which
correspond to amino acids with four-codon families, and
probably also the human mitochondrial tRNAs, contain U in
the first position of the anticodon, whereas Mitra, Lagerkvist,
and coworkers found that valine tRNAs containing I, G, or V
(uridine-5-oxyacetic acid) in the first position of the anticodon
can be made to read all four valine codons in an E. coli in vitro
protein-synthesizing system (reviewed in ref. 11). Thus, the
"two out of three" codon-reading hypothesis alone will not
explain why these mitochondrial tRNAs contain an unmodified
U as the first nucleotide of the anticodon. Also, experiments that
compare the relative efficiency of valine tRNAs for reading
valine codons by using either the base-pairing schemes proposed
in the wobble hypothesis (8) or the "two out of three" codon-
reading hypothesis (11) show that the tRNA using the base-
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pairing scheme in the wobble hypothesis is more efficient than
the latter by about an order of magnitude. This would explain
why E. coli contains at least two tRNAs for reading all the co-
dons of a four-codon family. In contrast, it appears that mito-
chondria in general contain only a single isoacceptor tRNA for
reading all the codons of a four-codon family.

Evidence that a codon-reading pattern similar to that noted
in N. crassa mitochondria might also operate in human mito-
chondria is provided by the work of Barrell et al. (14) who have
determined the sequence of most of the human mitochondrial
DNA. Their findings provide further support for the earlier
work of Attardi, Davidson, and coworkers who showed that
HeLa mitochondria contain a limited number of tRNA genes
(7). Barrell et al. have shown that all the tRNAs corresponding
to amino acids that belong to four-codon families contain T in
the DNA at a site that corresponds to the first position of the
anticodon sequence in the tRNA. Although the DNA sequence
work does not allow one to predict whether the corresponding
human mitochondrial tRNAs contain U or U* at this position,
the results with N. crassa mitochondrial tRNAs suggest that
they are more likely to contain U than U*.
The nature of the modification in U* present in the first

position of the anticodon of N. crassa mitochondrial glutamine,
leucinel, and tryptophan tRNAs is not yet known. Based on its
susceptibility to pancreatic RNase and its other properties, U*
is not one of the known 2-thiouridine derivatives found at this
position of some prokaryotic or eukaryotic cytoplasmic tRNAs
(23). The modified nucleotide is relatively unstable and gives
rise to double spots during analysis of partial digests of oligo-
nucleotides containing it (Fig. 3). Besides the sequences of the
tRNAs, we have also determined sequences of the DNA coding
for tRNAi'" (unpublished data) and have confirmed that U*
is derived from U and not from other nucleotides.
UGA as a Codon for Tryptophan in N. crassa Mitochon-

dria. Another interesting result of this work concerns the an-
ticodon sequence of the tryptophan tRNA. The anticodon se-

quence is U*CA and not CCA or CmCA as is the case with
tryptophan tRNAs from prokaryotes or from eukaryotic cyto-
plasm (17). Because a tRNA with U*CA in the anticodon would
be expected to read the codon UGA as well as the normal
tryptophan codon UGG, this would imply that UGA is a codon
for tryptophan and not a signal for chain termination in N.
crassa mitochondria. In addition to providing support for recent
inferences (based on comparison of human and yeast mito-
chondrial DNAs to beef heart cytochrome oxidase subunit II
protein sequence) that UGA is a codon for tryptophan in human
(21) and in yeast mitochondria (19, 20, 24), our results extend
this novel feature in the genetic code of yeast and human mi-
tochondria also to N. crassa mitochondria. Thus, the use of UGA
as a sense codon for tryptophan instead of a termination codon
may be a feature common to most mitochondrial protein-syn-
thesizing systems.
Codons for Leucine in N. crassa Mitochondria. Although

human, yeast, and N. crassa mitochondria appear to share
certain common features in their genetic code or codon-reading
patterns, there are other instances in which they differ. Tza-
goloff and coworkers (25, 26) have shown that the CUA codon
for leucine (and possibly the entire CUN family of leucine co-
dons) may be translated as threonine in yeast mitochondria. This
conclusion is based on a comparison of the DNA sequence
coding for yeast mitochondrial ATPase subunit 9 to the ho-
mologous protein and the finding that a CTA sequence in the
DNA appears as threonine in the protein (25, 27). Also, yeast
mitochondria contain two isoacceptor tRNA species for thre-
onine and only one for leucine (5). The sequence has been de-
termined for one of these threonine tRNA genes. The DNA
sequence data show that this threonine tRNA has an anticodon
sequence that corresponds to the CUN family of leucine codons
(26). In contrast to the situation in yeast mitochondria, N. crassa
mitochondria contain two tRNAs for leucine and one for
threonine. Furthermore, the tRNA sequence data show that one
of the leucine tRNAs (tRNA-eU, Fig. 2) is potentially capable
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of reading the UUG family of leucine codons and the other one
(tRNAk U, Fig. 1), the CUN family of leur-ine codoins:.-
General Comments on the Code and Codon-Reading

Patterns in Mitochondria. What are the overall implications
of this modification in the genetic code and codon-reading
patterns in human, yeast, and N. crassa mitochondria? There
are only two cases in the genetic code in which an amino acid
is specified by a single codon. These are UGG for tryptophan
and AUG for methionine. As described above for human, yeast,
and N. crassa mitochondria, UGA is also a codon for trypto-
phan. Thus, both UGA and UGG are codons for tryptophan in
mitochondria. Similarly, at least in human mitochondria (21)
it appears that, besides AUG, AUA also may be a codon for
methionine. These findings along with the fact that a single
tRNA may read all four codons of a four-codon family in mi-
tochondria suggest that, at least in human and N. crassa mito-
chondria, the genetic code is a simple one in which codons are
read by tRNAs primarily in sets of two (codons ending in pur-
ines comprising one set and those ending in pyrimidines the
other) or in sets of four. In contrast, in prokaryotes or in eu-
karyotic cytoplasm, within four-codon families the four codons
are read by two tRNAs (8), not usually in simple sets of two (23)
but often with one of the tRNAs reading three codons ending
in U, C, or A (generally in eukaryotes by tRNAs containing I
in the anticodon) or in U, A, or G (generally in prokaryotes by
tRNAs containing uridine-5-oxyacetic acid or 5-methoxy-U in
the anticodon).

It is attractive to consider the possibility that the unusual
codon-reading patterns in human and N. crassa mitochondria
represent a simple, and hence perhaps primitive, form (28) of
the genetic code. However, the data available do not allow us
to rule out the alternate possibility that the genetic code and
codon-reading patterns in mitochondria may have evolved to
this current state as a result of unique selection pressures op-
erating within the mitochondrion-for instance, selection
pressures which (i) minimize the use of codons ending in G and
(ii) minimize the number of different tRNA genes that are
maintained within mitochondria. That changes in the genetic
code can indeed arise in individual mitochondrial systems is
emphasized by the finding that, although CUA (and possibly
the CUN family of leucine codons) is translated as threonine
in yeast mitochondria, CUN codes for leucine and not for
threonine in N. crassa mitochondria. Thus, the use of CUA as
a codon for threonine in yeast mitochondria probably arose well
after the evolutionary divergence of these two organisms. Such
a digression from the genetic code would be selected against
in most systems, but it might survive in a small genome like the
mitochondrion, if (i) the codon(s) in question was not used
frequently and (ii) if the change did not affect in any significant
manner the few proteins coded for by the mitochondrial ge-
nome. It would clearly be of interest to see how frequently the
CUN series of codons are used in yeast mitochondria.

Finally, by using the purified tRNAs, whose sequences have
been described, as hybridization probes we have reported the
mapping and cloning of the genes for alanine, formylmethi-
onine, leucine1, leucine2, threonine, tyrosine, and valine tRNAs
(29, 30). The gene for glutamine tRNA has now been localized
in HindIII fragment 10 of the mitochondrial DNA along with
the gene for tRNALeU and one of the genes for tRNAfMet; that
for tRNATrP has been localized in HindIII fragment 7a, along
with the gene for tRNAVal.
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Note Added in Proof. Recent work indicates that a codon reading
pattern similar to that described for N. crassa mitochondria may also
be operative in yeast mitochondria (31).
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