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Abstract Introns in protein-coding genes are ubiquitous in
eukaryotic cells, but pre-mRNA splicing has yet to be reported in
archaeal and its viral genomes. We present evidence of introns in
genes encoding a homolog of eukaryotic Cbf5p (centromere-
binding factor 5; a subunit of a small nucleolar ribonucleopro-
tein) in three Archaea; Aeropyrum pernix, Sulfolobus solfata-
ricus and Sulfolobus tokodaii. Splicing of pre-mRNAs in vivo
was demonstrated by reverse transcriptase-mediated polymerase
chain reaction. The exon^intron boundaries of these genes are
predicted to be folded into a structure similar to the bulge^helix^
bulge motif, suggesting that splicing of these pre-mRNAs
probably depends on the splicing system elucidated for archaeal
pre-tRNAs and rRNAs. ß 2002 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Introns in protein-coding genes are ubiquitous in eukaryotic
cells but are rarely found in prokaryotic cells. Although in-
trons in protein-coding genes have been found in Bacteria
(reviewed in [1]), pre-mRNA splicing in Archaea and its virus
has yet to be reported. In archaeal precursor tRNAs [2] or
rRNAs [3] that contain intervening sequences, the intervening
sequence and the £anking region is folded into a bulge^helix^
bulge motif [4^7] (Fig. 2D), which is cleaved by splicing/pro-
cessing endonuclease followed by ligation (reviewed in [8]). A
similar type of cleavage without ligation proceeds in some
archaeal pre-rRNA processing (reviewed in [9]). In vivo and
in vitro experiments of splicing of arti¢cial RNA has demon-
strated that the cleavage is independent of the mature RNA
structures [10,11].

CBF5 (centromere-binding factor 5) is a gene encoding a

subunit of a small nucleolar ribonucleoprotein involved in
eukaryotic rRNA biogenesis, particularly in pseudouridyla-
tion [12]. Here, we present evidence of introns in genes encod-
ing a Cbf5p homolog and their pre-mRNA splicing in some
archaeal species.

2. Materials and methods

2.1. Archaeal cells
Aeropyrum pernix strain K1 (JCM 9820) was grown as described

[13]. Sulfolobus solfataricus strain P2 (JCM 11322) and Sulfolobus
tokodaii strain 7 (JCM 10545) were grown at 80³C as described [14]
but without trace metal supplements.

2.2. RNA and DNA
RNAs from the archaeal cells were prepared with Trizol (Invitro-

gen, USA), and then treated with DNase I (Invitrogen, USA) before
reverse transcription. DNA of A. pernix was prepared as described
[13]. DNAs of Sulfolobus strains were prepared as described [15].

2.3. Reverse transcription and polymerase chain reaction (PCR)
Reverse transcription of RNA (2^3 Wg) was carried out with ran-

dom hexamer and ReverTra Ace (Toyobo, Japan) according to the
manufacturer's instructions with slight modi¢cations, then treated
with RNase H (Takara Shuzo, Japan). PCR reaction mixtures (25
Wl) contained: 1U reaction bu¡er (ExTaq, Takara Shuzo, Japan),
0.2 mM dNTPs each, 200 nM of each primers, 0.05 U/Wl of ExTaq
(Takara Shuzo, Japan) and template DNA (1.7^5% of the synthesized
cDNA as above, or 40 ng of DNA). PCR conditions using a program-
mable incubator (PC700, Astec, Japan) were as follows: for A. pernix,
35 cycles at 94³C for 30 s, 68³C for 30 s and 72³C for 30 s; for
S. solfataricus, 10 cycles at 94³C for 30 s, 68³C for 30 s and 72³C
for 15 s, then 35 cycles at 94³C for 30 s, 62³C for 30 s and 72³C for 15
s; for S. tokodaii, 35 cycles at 94³C for 30 s, 60³C for 30 s and 72³C
for 1 min. Oligodeoxynucleotides used as PCR primers (Japan Bio-
Service Inc., Japan) were as follows: for A. pernix, P-517 (forward),
5P-CCTACCCCATGAGAGGCCGTTGGA-3P (corresponding to
280567^280590 in GenBank accession number AP000060), P-518 (re-
verse), 5P-GGCCTATGGAGCTGCATCACGCAA-3P (complementa-
ry to 280839^280862 in AP000060); for S. solfataricus, P-508
(forward), 5P-CGAGCCATGAAGTAGCGTATTGGGTT-3P (com-
plementary to 1846^1871 in accession number AE006673), P-509 (re-
verse), 5P-CTCTATTCCTATTGGTAACACACCGGTA-3P (corre-
sponding to 1740^1767 in AE006673); for S. tokodaii, P-504
(forward), 5P-AACGCTGATAAACCACCTGGACCTACA-3P (cor-
responding to 151661^151687 in accession number AP000982), P-
505 (reverse), 5P-CACTGAGGATCTTACGGGTGGTTTCTGA-3P
(complementary to 151955^151982 in AP000982). PCR products
were puri¢ed by agarose gel electrophoresis, then cloned into
pGEM-T vector (Promega, USA) with Escherichia coli strain DH5K
as a host. The recombinant plasmids were extracted and then se-
quenced with DYEnamic ET Terminator Cycle Sequencing Kit
(Amersham Pharmacia Biotech, USA) using vector-speci¢c primers
on an automated DNA sequencer (373A, Applied Biosystems, USA).
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3. Results and discussion

Computational analysis of the sequenced genomes of A.
pernix K1 [16], S. solfataricus P2 [17] and S. tokodaii strain
7 [18] predicted that the Cbf5p homologs from the archaeal
kingdom Crenarchaeota are composed of two fragmented
peptides encoded by two overlapping or adjacent open read-
ing frames (ORFs) (Fig. 1), whereas other sequenced Eury-
archaea have a single continuous CBF5 gene [19^25]. The
predicted amino-terminal Cbf5p peptides of these Crenarcha-
ea stop at positions within or around conserved motif II [26],
including a putative catalytic aspartate residue for pseudour-
idylation [12]. This conserved aspartate residue was missing at

its corresponding position [27], in the amino-terminal peptides
of A. pernix, S. solfataricus and S. tokodaii (Fig. 1, ApeN,
SsoN and StoN). Furthermore, analysis of the S. tokodaii
genome sequence revealed that part of motif II is missing in
this species (Fig. 1C, StoN and StoC).

We noticed putative introns in the genes of the Cbf5p ho-
mologs in these crenarchaeal species at the position between
the ¢rst and second letters of the codon corresponding to the
conserved aspartate residue (Fig. 1). RNA secondary structure
prediction [28,29] in addition to a comparison of the putative
exon^intron boundaries of the crenarchaeal Cbf5p homologs
suggest the possible folding of the corresponding region into a
structure similar to a bulge^helix^bulge motif (Fig. 2A^C).

Fig. 1. Parts of the CBF5 genes of the Crenarchaea (A) A. pernix (GenBank accession number AP000060), (B) S. solfataricus (accession num-
ber AE006673) and (C) S. tokodaii (accession number AP000982) along with an alignment of part of the Cbf5p homologs of these Crenarchaea
without (amino-terminal fragments: ApeN, ORF APE0989, accession number BAA79973.1; SsoN, ORF SSO5761, accession number
AAK40721.1; and StoN, ORF STS055, accession number BAB65384.1, and carboxyl-terminal fragments: ApeC, ORF APE0990, accession
number BAA79974.1; SsoC, ORF SSO0393, accession number AAK40720.1; and StoC, ORF ST0402, accession number BAB65385.1) and
with (ApeF, SsoF, and StoF) pre-mRNA splicing, and the Euryarchaeon Methanococcus jannaschii (Mja, accession number AAB98132). The in-
tron is shown in lower case. Conserved amino acid residues between the crenarchaeal and M. jannaschii sequences are boxed. The amino-termi-
ni of carboxyl-terminal peptides predicted in previous studies are indicated with an asterisk. The candidate catalytic aspartate residues are
shown in a black background.
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Cleavage at the predicted sites followed by ligation was ex-
pected to restore the ORF and the putative catalytic aspartate
residues at the conserved position in the predicted peptide
(Fig. 1, ApeF, SsoF and StoF). Reverse transcriptase-medi-
ated PCR (see Section 2) of S. solfataricus and S. tokodaii
total RNAs produced cDNAs from spliced CBF5 mRNA
and its precursor (Fig. 3B,C, lane 2), while total RNA of A.
pernix gave only cDNA from spliced CBF5 mRNA (Fig. 3A,
lane 2). Ligation between the predicted splice sites was con-
¢rmed by sequencing analysis of the cDNAs. These results
suggest that splicing of the CBF5 pre-mRNA occurs at the
RNA level in these crenarchaeal species.

Since archaeal Cbf5p homologs have a putative function in
biogenesis of stable RNAs for translation [27], the expression

of the Cbf5p homologs, tRNA, and rRNA (in A. pernix [30])
may be co-regulated by the same RNA splicing/processing
machinery utilized during the post-transcriptional step in
these archaeal species.

Conservation of the intron position and sequence similarity
(not shown) suggests a possible origin of the introns identi¢ed
in this study to be a common ancestor of A. pernix, S. sol-
fataricus and S. tokodaii. Further study of CBF5 genes in
other crenarchaeal species may elucidate more detailed infor-
mation pertaining to the origin of these introns.

Several full-genome sequences of Archaea are now available
[16^25], and recombinant proteins expressed from cloned ther-
mophilic archaeal protein-coding genes are highly sought after
by protein biochemists and structural biologists. Although no
other introns have been identi¢ed in archaeal protein-coding
genes, our results suggest this possibility in other protein-cod-
ing genes of Archaea. Therefore, we suggest that the con¢r-
mation of the native protein or cDNA sequences of such
genes, in particular the highly useful thermophilic archaeal
genes, should perhaps be performed before functional and/
or structural analysis of these recombinant proteins proceeds
(e.g. [31]).

In conclusion, this is the ¢rst report of introns in protein-
coding genes in Archaea.
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