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ABSTRACr Sequences of two putative tRNA genes, for serine
and leucine, from the archaebacterium Sulfolobus solfataricmu
contain intervening sequences in the anticodon region. Further-
more, the genes lack encoded CCA 3' termini and are flanked by
A+T-rich DNA segments. The introns can both form the same
secondary structure, which is a double-helical extension of the an-
ticodon stalk. The resulting structure contains two symmetrically
placed 3-base bulge loops, in which are located cleavage sites for
the introns. In the one case tested, the gene occurs as a single copy
in the genome.

It is generally believed that intervening sequences (introns) are
characteristic of eukaryotic genes (1, 2). Attempts to find them
in prokaryotic genes have had uniformly negative results. How-
ever, prokaryotes comprise two phylogenetically distinct groups,
the eubacteria and the archaebacteria, neither apparently any
closer to the other than to the eukaryote (3, 4). The search for
introns in prokaryotes to date has been confined exclusively to
the eubacteria. We have cloned a number of tRNA genes and
gene clusters from several (distantly related) species of ar-
chaebacteria to look for introns in that group and have found
them. We report here several examples thereof.

MATERIALS AND METHODS

A Sulfolobus solfataricus (5) culture was kindly provided by T.
A. Langworthy (University of South Dakota). DNA from this
organism was a gift of Wolfram Zillig (Max-Planck-Institut fur
Biochimie, Munich). The organism was grown in a medium
containing, per liter, 1.3 g of (NH42SO4, 0.3 g of KH2PO4, 0.3
g of MgSO4-7H2O, 0.1 g of CaCl2'2H20, and 1.0 g of yeast ex-
tract (Difco), pH being adjusted to 3.0 with H2SO4. Growth
temperature was routinely 700C.

Restriction enzymes were purchased from New England
BioLabs or Bethesda Research Laboratories. The conditions used
for digestion were those suggested by the manufacturers.
An EcoRI digest of genomic DNA of S. solfataricus was ran-

domly cloned into plasmid pBR322 (6). The resulting clones were
selected for tRNA structural genes by colony hybridization (7)
by using in vitro labeled S. solfataricus total tRNA (8) as probe.
Subfragments of this clone were produced by restriction en-
donuclease digestion, resolved by electrophoresis on 1% agar-
ose gels, and transferred to nitrocellulose filters (9), and tRNA
genes were localized by hybridization with 32P-labeled total
tRNA. The fragment to be subjected to sequence analysis was
isolated from low-melting temperature agarose gels (10) and 3P-
end-labeled at internal restriction sites with T4 polynucleotide
kinase (11). This (double-stranded) DNA was cleaved second-

arily to produce fragments labeled in one of the strands only,
these being reisolated from 5% polyacrylamide gels. Sequence
analysis of DNA was done by the chemical method (11, 12).
DNA-DNA hybridization to Southern blots of restriction en-

zyme digests of genomic DNA was done by published proce-
dures (11).

RESULTS AND DISCUSSION
Fig. 1 is a restriction map of S. solfataricus DNA clone of about
7,000 base pairs length. Hybridization of various restriction
fragments with labeled S. solfataricus total tRNA reveals the
clone to contain a number of presumptive tRNA genes. A por-
tion of this clone produced by restriction endonuclease HindIII
was subcloned and more extensively mapped, as shown in Fig.
1. Fig. 2 presents the sequence of the region so indicated in
Fig. 1, which appears to contain two tRNA genes.

As judged by their anticodons the two genes encode serine
and leucine tRNAs. Both genes contain intervening sequences
in their anticodon loops. This can be seen best in Fig. 3, in which
each gene is folded into the typical tRNA cloverleaf confor-
mation. Note also that neither gene encodes the tRNA 3' CCA
terminus. Both of these properties were previously thought to
be characteristic only of eukaryotic tRNA genes (13-19).
The 103-base-pair fragment that is produced from the serine

tRNA gene by restriction endonuclease Hpa II (from tRNA po-
sitions 3-68, by the numbering convention of ref. 20) was used
to probe Southern blots of S. solfataricus DNA digested by en-
donucleases EcoRI, HindIII, Hinfi, or Pst I. As Fig. 4 shows,
each gives a unique hybridization band, indicating that the se-
quence in question exists as a single copy in the genome.
A direct demonstration that the two genes in question en-

code functional tRNAs has not been given. Nevertheless, the
circumstantial case here is very strong. (i) The serine tRNA gene
(at least) exists in one copy in the genome. (ii) 32P-Labeled total
tRNA hybridizes with the HindIII fragment (see Fig. 1) that
contains the two genes in question. (iii) Both tRNA genes will
fold into perfectly normal tRNA cloverleaf configurations (ex-
cept for the lack of a CCA 3' terminus and the additional in-
tervening sequence). (iv) Only leucine and serine (and in eu-
bacteria, tyrosine) tRNAs are so-called class II tRNAs-i.e., they
possess a large "extra arm"; this is the case for the two genes
in question (20). (v) Except for the CCA terminus these tRNA
genes contain all of the "invariant" and "semi-invariant" resi-
dues characteristic of normal tRNAs (21, 22)-i.e., T(U)-8, C(Y)-
11, A-14, G(R)-15, G-18, G-19, A-21, G(R)-24, C(Y)-32, T(U)-
33, G(R)-37, C(Y)48, G-53, T-54, T(P)-55, C-56, A(R)-57, A-
58, T(Y)-60, and C-61; see ref. 20 for numbering (Y, pyrimidine;
R, purine). (vi) The serine tRNA gene is specifically related (74%
sequence homology) to a bona ftde serine tRNA (same anti-
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FIG. 1. Restriction map of a S. solfataricus clone containing tRNA genes. The upper portion is the complete EcoRI-produced fragment and the
lower one, the subfragment produced by HindIll, which contains the tRNA genes in question. Size scales, in terms of base pairs (bp), are given at
the left. In the upper portion the shaded areas are those that hybridize with 2P-labeled total tRNA from S. solfataricus. Points cut by various re-

striction endonucleases are designated as follows: A, Hae III; B, Bgl II; D, HindM; E, EcoRI; F, Hinfl; P, Hpa II; and T, Pst I. The fragment whose
sequence.is given in Fig. 2 is underlined in the lower portion.

codon) from a distant archaebacterial relative Halobacterium
volcanii (20, 23). Also, both of the tRNA genes are flanked by
A+T-rich regions, a common characteristic of known tRNA genes
(13-19). Given all of these characteristics it would seem highly
likely that these are true tRNA genes and not pseudogenes.

The two introns shown in Fig. 3 are not of the same length-
that in the serine tRNA gene comprises 25 residues and that in
the leucine gene, 15. However, both occur at exactly the same

place in the gene, and both can be folded into-the same inter-
esting secondary structure in the anticodon arm region. Spe-
cifically, the double-stranded stalk of the anticodon arm can be
extended (presumably coaxially) by six additional base pairs if
the two 3-base bulge loops shown in Fig. 3 are created. (In that
the two examples of this structure are not quite identical in se-

quence, they provide some comparative support for the pro-
posed structure.) In both cases the two cleavage points that would
remove the intron are symmetrically located in the two small
bulge loops, suggesting perhaps a simultaneous cleavage by a

symmetrical (dimeric) processing enzyme. (However, the exact
cleavage points cannot be determined because of sequence
identities in the loops.) The structure appears to have sequence

symmetry as well; note the terminal double COG pairs defining
the ends of the 3-base bulges.

The known examples of intron-containing eukaryotic tRNA
genes seem not to form the exact same secondary structure as

found here. In most of these cases all three bases of the an-

ticodon can form pairs (13-16), whereas in the present archae-
bacterial examples the 3' base of the anticodon is not paired
(see Fig. 3).

As the molecular organization of archaebacteria becomes in-
creasingly understood, their relationship to eukaryotes be-
comes increasingly apparent. For example, the two groups share
specific features in their translation elongation factors (24) and
tRNA sequences (23). Repetitive elements are characteristic of
both genome types (25). The tRNA gene characteristics re-

ported here-introns and lack of encoded CCA 3' termini-are
another important addition to this list.
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valuable suggestions concerning this work, Prof. W. Zillig for the gift
of S. solfataricus DNA, Prof. T. Langworthy for a culture of this or-
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5' GGTAAATAGTGCCGGGGTGCCCGAGCGGACCAAGGGGGTAGGCTCGAGACCATTTCCAGCGTCAAGGCGGGCGACCTACTGCCTCTCCGA

TCCGAGCTCTGGTAAAGGTCGCAGTTCCGCCCGCTGGATGACGGAGAGGCT

II
GGCACGCGGGTTCAAATCCCGCCCCCGGCGTTAGTTTAAAATTCTCCAATTTATATCATATATTGATTGCGGGGGTGCCCGAGCAAGGTC

CCGTGCGCCCAAGTTTAGGGCGGGGGCCGCAATCAAATTTTAAGAGGTTAAATATAGTATATAACTAACGCCCCCACGGGCTCGTTCCAG

AAAGGGGTCGGGCTCAGGACCATATGGTGAGACCCCCGATGGTGTAGGCCTGCGTGGGTTCAAATCCCACCCCCCGCAATTTTAGATATG 3'

TTTCCCCAGCCCGAGTCCTGGTATACCACTCTGGGGGCTA

FIG. 2. S. solfataricus DNA sequence containing CRNA genes. Gene sequences are denoted by overlining and anticodon positions by additional
underlining. Both strands of the DNA were subjected to sequence analysis over most of the length. In regions where sequence is only from a single
strand, it has been determined independently a number of times. I, putative serine tRNA gene (UCG codon); II, putative leucine tRNA gene (CUG
codon).
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FIG. 4. Electrophoretic pattern (Left) and autoradiograph (Right)
of a Southern blot of S. solfataricus genomic DNA cut with various re-
striction endonucleases and hybridized with the Hpa fl fragment con-
taining the serine tRNA gene. Lanes: A, EcoRI; B, Hindi; C, Hinfl;
D, Pst I; and E, phage A DNA digested with Hindl, as a size standard.
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FIG. 3. Serine and leucine tRNA genes folded into the typical "clo-
verleaf" secondary structure. Anticodon sequences (ac) are boxed. Pos-
sible paired extensions of the acceptor stems are indicated by dotted
pairings. Arrows indicate possible (symmetric) sites for cleavage of in-
trons and splicing.
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