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The mitochondrial genome of the fission yeast Schizosaccharomyces
pombe: highly homologous introns are inserted at the same position
of the otherwise less conserved coxi genes in Schizosaccharomyces
pombe and Aspergillus nidulans
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The DNA sequence of the second intron in the mitochondrial
gene for subunit 1 of cytochrome oxidase (coxi), and the 3'
part of the structural gene have been determined in Schizosac-
charomyces pombe. Comparing the presumptive amino acid
sequence of the 3' regions of the coxl genes in fungi reveals
similarly large evolutionary distances between Aspergillus
nidulans, Saccharomyces cerevisiae and S. pombe. The com-
parison of exon sequences also reveals a stretch of only low
homology and of general size variation among the fungal and
mammalian genes, close to the 3' ends of the coxl genes. The
second intron in the coxl gene of S. pombe contains an open
reading frame, which is contiguous with the upstream exon
and displays all characteristics common to class I introns.
Three findings suggest a recent horizontal gene transfer of
this intron from an Aspergillus type fungus to S. pombe.
(i) The intron is inserted at exactly the same position of the
coxl gene, where an intron is also found in A. nidulans.
(ii) Both introns contain the highest amino acid homology
between the intronic unassigned reading frames of all fungi
identified so far (700o identity over a stretch of 253 amino
acids). However, in the most homologous region, a GC-rich
sequence is inserted in the A. nidulans intron, flanked by two
direct repeats of 5 bp. The 37-bp insert plus 5 bp of direct
repeat amounts to an extra 42 bp in the A. nidulans intron.
(iii) TGA codons are the preferred tryptophan codons com-
pared with TGG in all mitochondrial protein coding se-
quences of fungi and mammalia. In contrast, in structural
genes of S. pombe exclusively TGG is used as tryptophan
codon, whereas two TGA codons occur in the open reading
frame of the second coxl intron.
Key words: Aspergillus nidulans/coxi gene/DNA sequence/
horizontal gene transfer/mitochondrial introns

Introduction
The mitochondrial genomes in all fungi studied so far contain
genes interrupted by a variable number of long intervening se-
quences (for reviews, see Dujon, 1983; Grivell, 1983). Most
of the introns have the coding capacity for one or other of the
two types of conserved intronic unassigned reading frames
(urfs) (e.g., Bonitz et al., 1980; Davies et al., 1983; Hensgens
et al., 1983; Helmer-Citterich et al., 1983). Even in the small
mitochondrial genomes of Torulopsis glabrata (Clark-Walker
and Sriprakash, 1983) or Schizosaccharomyces pombe (Lang
et al., 1983; Lang and Wolf, 1984; Zimmer et al., 1984) a
number of introns was detected.
The reason why introns occur in fungal mitochondrial

genes is still obscure. In species such as Saccharomyces
cerevisiae, with its large mitochondrial DNA (mtDNA) and
its long stretches of non-coding intergenic 'spacers' (Goursot
© IRL Press Limited, Oxford, England.

et al., 1982), introns might be readily tolerated. However, it is
puzzling in fungi, which have an apparent preference for
small mitochondrial genomes (e.g., the S. pombe strains or
T. glabrata). In the S. pombe strain, analyzed here, one intron
was found in cob and two introns in the coxl gene. Thus,
-25Wo of this small genome is occupied by introns (Lang et

al., 1983; Lang and Wolf, 1984). The analysis of the
S. pombe introns and the construction of strains without
them (possibly resulting in a 14-kbp mtDNA, which is even
less than that of the small mtDNAs in mammalia) may give
an answer to the question of why they are so strictly maintain-
ed in many species and whether or not they offer a selective
advantage for the cell.

Provided that introns are involved in the control of gene
expression, their presence does not seem to be gene-specific.
It has been shown that different fungi have quite dif-
ferent sets of mosaic genes and, within a species, variant
forms have been described in some cases with optional in-
trons. For example, no cob intron is present in a S. pombe
variant strain (Zimmer et al., 1984) or in T. glabrata (Clark-
Walker and Sriprakash, 1983). In Neurospora crassa, the
coxl gene is not interrupted by introns (Burger et al., 1982).
In S. cerevisiae it is possible to delete introns from the cob
gene without a dramatic effect on the expression of cyto-
chrome b (Gargouri et at., 1983). If introns play any role in
gene expression or regulation, it should be rather limited in
S. cerevisiae. The preference for insertion of introns in cob
and coxl may only reflect that these genes have long coding
regions.
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Fig. 1. Localization of the coxl gene on the circular map of the S. pombe
mtDNA. Coxl, cox2 and cox3 refer to the genes coding for the three
largest cytochrome oxidase subunits, cob to the apocytochrome b gene and
urfa to a gene specific for S. pombe mtDNA (Lang et al., 1983). The
localization of genes is taken from Lang and Wolf (1984). Only minor
corrections were made on the basis of the known DNA sequence of the
coxi gene. The direction of transcription is indicated by the two arrows.
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LEU LEU LEU LEU THR LEU PRO VAL LEU ALA GLY GLY LEU PHE MET LEU PHE SER ASP ARG ASN LEU ASN THR SER
1811 CTA TTA CTG CTT ACT TTA CCA OTT TTA GCA GOT OGA TTA TTT ATO TTA TTC TCA OAT AGA AAT TTA AAT ACT TCA

PHE TYR ALA PRO GLU OLY GLY GLY ASP PRO VAL LEU TYR OLN HIS LEU PHE TRP PHE PHE GLY HIS PRO GLLU VAL

1886 TTC TAT OCT CCT GAA GOT GOT GOT GAC CCT GTA CTT TAC CAA CAT TTA TTC TOO TTC TTT GGT CAT CCA GAO GTC

asn leu ilie gly leu leu thr leu leu tyr ala gly thr thr trp lys ilie lea asp iys ser phe cys phe lys
1961 AAT TTA ATA GGC CTC TTA ACG TTG CTA TAT OCT GGA ACT ACT TGA AAA ATA CTA OAT AAG AGT TTT TOT TTT AAA

tyr ser lys lys ass thr arg lea sal phe ilie phe ilie val lys met lea iys gin lea ser ilie ser ala gly
2036 TAC TCC AAG AAA AAC ACC AGA TTA GTG TTT ATT TTT ATA GTA AAA ATG TTA AAA CAA TTA AGT ATA TCA GCA GOT

asn lea lea asn lys gly thr ser gla thr lea arg ass giailie thr thr iys lys val ser ilie his lea prs
2111 AAC CTT TTG AAT AAG GGA ACC TCA GAO ACT TTA COC AAC GAA ATC ACA ACA AAA AAA OTT TCT ATT CAT CTC CCT

lys his lea iys pro ala ass asp ser gin phe gly his tyr lea ala gly lea ilie asp gly asp gly his phe
2186 AAA CAC TTA AAA CCA OCT AAT OAT TCT CAA TTT GOT CAC TAT TTA GCA GGT TTA ATT OAT GOT OAT GOT CAT TTT

ser sern iys gIn gi1n lea ilie ilie ala phe his ser lea asp ilie gIn leua al-a tyr tyr ilie I ys I ys gin ilie
2261 AGT AGT AAA CAA CAA TTA ATT ATT OCT TTTi CAC TCT TTA OAT ATA CAA TTA OCT TAT TAT ATT AAA AAA CAA ATA

gly tyr gly ilie val arg lys ilie lys asp iys ass ala ilie lea phe ilie ilie ala ass ser lys gly ilie gin
2336 GOT TAT GOT ATT GTA COT AAA ATT AAA OAT AAA AAT OCT ATT CTT TTT ATA ATA OCT AAC TCT AAA GGA ATT GAS

arg val ilie thr lea ilie ass asn iys phe arg thr thr ser lys tyr ass gin ilie ilie ass ass ilie phe ala
2411 AGA GTA ATA ACT TTA ATT AAT AAT AAA TTT AGA ACT ACT AGT AAA TAT AAT CAG ATT ATT AAT AAT ATA TTT OCU -

0
his pro arg phe lys gla phe ser lys thr ilie thr lea gly lea asn ser ass ass ass lea ass ass his trp :

2486 CAT CCT AGiA TTT AAA GAA TTT AGT AAA ACT ATT ACT TTA GOT TTA AAT TCA AAT AAT AAT TTA SAT AAT CAT TOO r"Q
lea ala gly phe ser asp ala asp ala ser phe gin ilie iys ilie lea ass arg asp iys lys ilie gin val arg

2561 CTA OCT GGA TTC TCA OAT OCT OAT OCT AGT TTT CAG ATT AAA ATT TTA AAT AGO GAC AAA AAA ATA GAA OTT CGA

lea ass tyr gin ilie asp gin iys iys gin tyr lea lea ser lea ilie iys asp ass lea gly gly ass ilie gly
2636 TTG AAC TAT CAA ATA OAT CAA AAA AAA GAO TAT CTT TTG AGT TTA ATT AAA OAT AAT TTA GOT GOT AAT ATA OOC

tyr arg lys ser gin asp thr tyr tyr tyr gly ser thr ser phe gly ser ala lys iys val ilie ass tyr phe

2711 TAT CGA AAA AGT CAA OAT ACT TAT TAT TAT GOT TCT ACT AGT TTT GOT TCA OCT AAA AAA OTT ATT AAT TAT TTT

asp ass tyr his lea lea ser ser lys tyr ilie ser tyr lea iys trp arg iys ala tyr lea ilie ilie gin gin
2786 OAT AAT TAT CAT TTG CTA TCT TCT AAA TAT ATT AGC TAT TTA AAA TGA AGA AAA OCT TAT CTT ATT ATT CAA GSAA

ass iys his lea thr gin ser gly lea ser gin ilie iys iys pro his pro tyr org iys asn ilie ass ten

2861 AAT AAA CAT TTA ACA GAA TCA 005 CTT TCT CAA ATA AAA AAA CCT CAT CCC TAT COO AAG AAT ATT AAT TAO

2933 ATGTAATAATAGCTAAGGAAACTTATTAAAATATACTTGTATTTTATACA

TSR OLE LEO ILE MET PRO ALA PHE GLY HAL VAL SER HIS ILE OLE PRO SER LEU ALA HIS LYS PRO
3033 ATTTATTGT TAT ATT TTA ATT ATG CCA OCT TTC GOT OTT OTT AGT CAC ATT ATT CCT AGT TTA OCT CAT AAA CCT

ILE PHE GLY LYS GLU GLY MET LEO TRP ALA MET LEO SEA ILE ALA LEU LEU GLY LEU MET VAL TAP SEA HIS HIS
3108 ATT TIC GOT AAA GAA GOT ATG CTT TOG OCT ATG TTA AGT ATT OCT TTA TTA GGA TTA ATG GTA TOG TCT CAT CAC

LEU PHE THR SAL GLY LEO ASP VAL ASP THR ARG ALA TYR PHE SEA ALA ALA THR MET SAL OLE ALA ILE PRO THR
3183 TTA TTC ACA OTT GOT TTA OAT OTT OAT ACT AGA OCT TAT TTC SOT OCT GCA ACT ATG OTT ATT OCA ATT CCA ACA

GLY OLE LYS ILE PHE SEA TAP LEO ALA THA LEO THR GLY GLY ALA OLE GLN TAP SEA ARG SAL PRO MET LEO TYA
3258 GOT ATT AAA ATC TTC AGT TOO TTA OCT ACT TTA ACA GOT GOT GCA ATA CAA TOG TCA AGA GTA CCT ATG TTA TAT

ALA OLE OLY PHE LEO OLE LEO PHE THR OLE GLY GLY LEO THR GLY VAL OLE LEO SEA ASN SEA SAL LEO ASP OLE
3333 OCT ATT GOT TTC TTA ATC TTA TTC ACA ATT GOT GGA TTA ACA GOT OTT ATA TTA SOT AAT TCA GTA TTA OAT ATC

ALA PHE HIS ASP THA TSR PHE VAL VAL ALA HIS PHE HIS TSR VAL LEO SEA MET GLY ALA LEO PHE GLS LEO CYS
3408 OCT TTC CAT OAT ACT TAT TTC OTT GTA OCT CAC TTC CAT TAC OTT CTG TCA ATG GOT GCA TTA TTT GOT CTT TOT (D

0
GLY ALA TSR TSR TAP SEA PRO LYS MET PHE GLY LEO MET TSR ASN GLU THR LEO ALA SEA OLE GLN PHE TAP OLE D

3483 GOT GCA TAC TAT TOO AGT CCA AAA ATG TTT GGA TTA ATG TAC AAT GAA ACT CTA OCT TCA ATC CAA TTC TOO ATT

LEO PHE OLE GLY SAL ASN OLE VAL PHE GLY PRO GLN HIS PHE LEO GLY LEO ASN GLY MET PRO ARO ARG OLE PRO
3558 TTA TTC ATA GOT OTT AAT ATT GTA TTC GOT CCT CAA CAT TTC TTA GGA TTA AAT GOT ATG CCT AGA AGA ATA CCA

ASP TYR PRO GLU ALA PHE VAL GLY TAP ASN PHE VAL SEA SEA OLE GLY SEA VAL ILE SEA OLE LEO SEA LEO PHE
3633 OAT TAT CCA GAG GCA TTT GTG GGA TOG AAT TTT GTA TCA AGT ATT GOT TCA GTA ATT TCT ATT CTT TCA TTA TTC

LEO PHE MET TSR VAL MET TYR ASP GLN PHE THR SEA ASN ARG SAL HAL LYS THR ASN PRO TYR LEO OLE PRO SEA
3708 CTA TTT ATG TAT OTT ATG TAT OAT CAA TTT ACA TCA AAT AGA GTG OTT AAA ACA AAT CCT TAT TTA ATC CCT AGC

TSR PHE ASP ASP ASN SAL OLE PHE VAL ASN GLU LYS LEO GLS SAL ALA GLN SEA OLE GLU TAP LEO LEO HIS SEA
3783 TAT TTT OAT OAT AAT GTA ATC TTC GTA AAT GAA AAA TTA 000 GTA OCT CAA TCA ATA GAA TOO TTA CTA CAT TCA

PRO SAL HIS GLU HIS ALA PHE ASN THR LEO PRO TAR LYS SEA OLE TEA
3658 CCA GSA CAC GSA CAC GCA TTT AAT ACA TTA CCT ACA AAA AGT ATT TAA TTTAAAATCTTAA CCCCCTTTT TTTTATAAA

3939 CTATCATAAATGGGGGTGAGTATACACTTCAATTTTTTATTTATCTTTTA

Fig. 2. Nucleotide sequence of the 3' part of the S. pombe coxi gene, including the second intron. The sequence of the second half of the coxi gene is
shown. Numbering of nucleotides starts at a methionine codon close to the putative amino terminus of the mature subunit 1. This methionine codon and that
of the- N. mcrssa ge-ne at position -2 (Buirger et a/. 1982)) are homologous4 in positionn A transla1,tion of codons-, as in N. crassa genes-r was, assumedh,basd onn
comparisons of the codon usage in highly conserved regions between N. crassa and S. pombe and on the fact that the usage of most codons in N. crassa has
been directly proven by amino acid sequencing (Burger et al., 1982). The putative splice points of the intron are indicated by arrows. The amino acids of the
intronic urf are written in small letters, that of the exons in capital letters. The oligo(TC) cluster at the 3' end of the gene is boxed.
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Table I. Codon usage in the intronic urf of the second coxi intron of S. pombe and in part of the structural gene

UUU 15 (10) UCU 8 (2) UAU 18 (11) UGU I (1)
Phe Tyr Cys

UUC 1 (20) UCC I (-) UAC 1 (4) UGC - (-)
Ser

UUA 21 (33) UCA 6 (12) UAA - (1) UGA 2 (-)
Leu Ter Trp

UUG 5 (-) UCG - (-) UAG I (-) UGG 1 (9)

CUU 5 (5) CCU 3 (10) CAU 7 (8) CGU I (-)
His

CUC 2 (-) CCC I (-) CAC 3 (5) CGC I (-)
Leu Pro Arg

CUA 4 (4) CCA 1 (8) CAA I 1 (6) CGA 2 (-)
Gln

CUG - (2) CCG - (-) CAG 2 (-) CGG I (-)

AUU 22 (17) ACU 10 (7) AAU 23 (12) AGU 10 (9)
Asn Ser

Ile AUC 1 (6) ACC 2 (-) AAC 5 (-) AGC I (1)
Thr

AUA 14 (5) ACA 3 (9) AAA 35 (7) AGA 5 (6)
Lys Arg

Met AUG 1 (13) ACG I (-) AAG 4 (-) AGG I (-)

GUU 3 (13) GCU 12 (13) GAU 12 (9) GGU 12 (22)
Asp

GUC - (-) GCC - (-) GAC I (1) GGC 2 (-)
Val Ala Gly

GUA 3 (12) GCA 2 (8) GAA 6 (6) GGA 5 (6)
Glu

GUG 1 (2) GCG - (-) GAG 2 (2) GGG - (1)

For an evaluation, the sequence, shown in Figure 2 was used. The codons occurring in the structural gene parts are written in brackets.

The spontaneous deletion of entire introns from a mosaic
gene in S. cerevisiae occurs with a rate close to that of spon-
taneous back-mutation of point mutations ( - 10 -8; Gargouri
et al., 1983; Labouesse and Slonimski, 1983). One might
therefore expect that introns can be frequently lost during
evolution. If so, how do intron sequences manage to survive
and to propagate themselves among the fungal mitochondrial
genomes?

There are two experimental approaches to solve these ques-
tions. One is to study intron variations of strains belonging to
the same species. The other, which we followed, is to look for
functionally related and highly homologous introns in dif-
ferent species. I will report here on the second coxi intron in
S. pombe because it is unexpectedly homologous with an
A. nidulans coxi intron (compare Waring et al., ac-
companying paper). However, the analysis of the carboxy-
terminal region of the structural gene displays size variation
and low homology compared with A. nidulans and other
fungal species (Burger and Werner, 1983; Bonitz et al., 1980;
de Jonge and de Vries, 1983). This demonstrates the evolu-
tionary distance between structural genes of S. pombe and
A. nidulans, in contrast to the high homology of their coxi
introns.

Results and Discussion
Structure of the coxi gene and DNA sequence of its second
half, including a class I intron
Figure I shows a circular map of the S. pombe mtDNA, in-
dicating the position of the coxl gene. Figure 2 presents the
DNA sequence of the 3' part of the coxi gene region, in-

cluding a part of exon 2, intron 2 and exon 3. The open
reading frame of the intronic urf is contiguous with the
upstream exon 2 and stops with a TAG codon. The open
reading frame of the structural gene (end of exon 3) stops
with a TAA codon and is followed by an oligo(TC) cluster,
characteristic for S. pombe 3' ends of protein coding genes.
This sequence was proposed to act as a processing signal
(Lang et al., 1983). The exon/intron boundaries, indicated in
Figure 2 were deduced from a comparison with the structural
gene sequence of other species. As the intron is inserted in a
highly conserved domain of coxi (cf. Figures 5 and 6), and
following the rule that the last base of the upstream exon is a
pyrimidine, mostly a T, and the last base of the intron is a G
(Davies et al., 1983), there was only one possible insertion
point.
TGA codons arefound in the intronic urfbut not in the struc-
tural gene
A remarkable difference between codon usage in the exon
and intron sequence can be seen in Table I. In addition to
unusual codons with G or C at the third position, frequently
found in introns but rarely in exon sequences, two TGA
codons are present in the intronic urf. (The same was found
in the cob intron and in urfa of S. pombe, Lang et al., in
preparation.) Within the coxi exons however, as well as in all
other S. pombe mitochondrial structural genes, no TGA
codon is found but exclusively TGG (Lang et al., 1983 and
unpublished results). It is now generally accepted for all
mammalian and fungal mitochondrial genomes studied so far
that TGA codes for tryptophan rather than for a stop (Fox,
1979; Macino and Tzagoloff, 1979; Anderson et al., 1982).
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S. POMBE
A. NIDULANS :

P1. E ,P P5 P5. 0. P6 . R, E'
** ********* ** **** * ** ** ****** ** ****** *** * * *

... NLIGLLTLLYAGTTWKILDKSFCFKYSKKNTRLVFIFIVKMLKQLSISAGNLLNKGTSETLRNEITT-KKVSIHL

... KNIGFLTLLYAGTTS-ILS----FKYSILNDT------VKKLKRWSISAGNILN-GTSETLCNEIVVNTENIKSISVHV

10 20 30 40 50 60 70

1. decapepti de
***F*** * **************** ***** *******I ******* *** * * *F *** *** ** *** * ** * *** ***

PKHLKPANDSQFGH LAGLIDGD IHFSSKQQLIIAFHSLDIIQLAYYIKKQIGYGIVRKIKDKNAILFIIANSKGIERVITLINNKFRTTSKYNQIINNIF
PKHLKPVSDDQFGH LAGLIDGDJHFNSKQQLVIAFHSLD SLAYYIKKRLGYGSVKKVKNKNAFILVVTAREGIEKVINLINGKIRTENKFNQITNNIL

- I I
120 130

I
140 150

2. decapepti de
* **** * * ** ** ************* *****F*** ******** ***F***** * *** ****************

AHPRFKEFSKTITLGLNSNNNL 14 LAGFSDADAS- FQIKILNRDKKIEVRLNYQIDQKKEYLLSLIKDNLGGNIGYRKSQDTYYY
NHENYAEFSKKISLKLNLSNNFK LWIAGFSDAD SGAGLHPGCVSP KASFQIKILNRNKKIEVRLNFQIDQKKEYILLLIKEFLGGNIGYRKSQDTYYY

I I I I I I I I
180 190 200 210 220 230 240 250 260 270

********* ****** ****** *********** I** ** * * *

GSTSFGSAKKVINYFDNYHLLSSKYISYLKWRKAYLIIQ NKHLTESGLSQIKKPHPYRKNIN#
GSTSFGSAKNVINYFDYFHLLSSKHVNYLKWRKAYLI I KDHLNNDGLEKIIKLKSTMNRVNDTTI#

280 290 300 310 320 330 340

Fig. 3. Comparison of the amino acid sequences of the intronic urfs of S. pombe coxl, intron 2 and A. nidulans coxl intron 3. The sequence data of the
A. nidulans intron are taken from Waring et al. (accompanying paper). Identical amino acids in this alignment are indicated by asterisks. The two identical
decapeptide sequences and their conserved flanking regions are shown by boxing of respective sequences. Insertions and deletions of amino acids (-) have
been introduced for an optimal alignment. Only amino acids of both intronic urfs, starting after the 5' splice points are shown (stop codons: #). The
nucleotide consensus sequences (E, P, Q, R, E') and helical regions (PI, P5 and P6) contributing to the RNA secondary structures in this region of the in-
tron (see Figure 4) are also indicated.

As there is an open reading frame in the S. pombe intron,
which is homologous with the intronic urf in A. nidulans, the
TGA codons in S. pombe also should be translated as tryp-
tophan (e.g., the tryptophan codon in the second decapeptide
sequence at position 205, in Figure 3).
The difference in codon usage may indicate a dual evolu-

tionary origin of the structural genes and the second coxl in-
tron, the cob intron and urfa in S. pombe. An import of
these sequences from the nucleus is unlikely because of their
relatively high AT content which is characteristic for mito-
chondrial sequences and because of the occurrence of TGA
'stop' codons. It would be more rational to assume that these
'TGA-type' sequences originate from mtDNA of other
species.

However, what is the reason then that TGA codons are
tolerated in intronic urfs, and how is this compatible with the
properties of the mitochondrial tRNA-trp in S. pombe? The
anticodon of tRNA-trp is in fact complementary to the TGG
codon (5' ...CCA...3'; Lang et al., 1983) and pairing of the
TGA codon to the tRNA will be much weaker (C-A pair in
the wobble position) than that of the TGG codon. Therefore,
one should expect a low efficiency of translation of TGA
codon - if it is at all possible. A low efficiency of translation
of intronic urfs would be acceptable for the cell, because they
need not be translated as efficiently as structural genes.

'Maturases' (Lazowska et al., 1980), the translation products
of several S. cerevisiae introns, are only required at very low
concentrations and are not detectable in wild-type strains
(Bechmann et al., 1981; Weiss-Brummer et al., 1982; Dujar-
din et al., 1982; Anziano et al., 1982).

Further arguments in favour of a foreign origin of the se-

cond coxi intron of S. pombe come from a comparison with
the third intron in the same gene of A. nidulans and are

discussed below.

The second intron ofthe coxl gene of S. pombe and the third
intron in the same gene of A. nidulans are highly homolo-
gous

A systematic comparison of various class I introns with the
second S. pombe coxi intron revealed that the latter clearly
belongs to the same class because of: (i) the conservation of
the two decapeptide sequences and some other minor amino
acid homologies; (ii) the highly charged and basic character
of the complete amino acid sequence; and (iii) the conserva-
tion of consensus sequences and the secondary structure of
the RNA (Bonitz et al., 1980; Waring et al., 1982; Hensgens
et al., 1983; Davies et al., 1982, 1983; Michel et al., 1982).
Even when comparing introns within the same species, amino
acid homology between most intronic urfs of class I is
restricted to the two conserved decapeptide sequences (War-
ing et al., 1982; Davies et al., 1983; Hensgens et al., 1983).
Practically, these homologies are in most cases only visible
after an extensive computer evaluation. In contrast, in the
region from the first decapeptide to the end of the open
reading frame, the amino acid identity of the second
S. pombe intron of the coxi gene and the third one in
A. nidulans is 70%. 607o, the highest homology among 19
introns, was observed between introns of the same species,
namely the cob intron 4 and coxi intron 4 of S. cerevisiae.
Between the introns of S. pombe and A. nidulans a stretch of
40 triplets, including the first decapeptide sequence and of
102 triplets in the region of the second decapeptide (except an
insertion of 14 triplets in A. nidulans) display 88% identical
amino acid positions (Table II). Because of the perfect align-
ment in this region the extra sequence of A. nidulans can be
defined as a 37-bp insert flanked by two 5-bp direct repeats.
The repeats are reminiscent of those found at the borders of
some insertion elements of S. cerevisiae (e.g., Farabaugh and
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Highly homologous mitochondnal introns in S. pombe and A. nidulans

*xon2 A
5'... -UUGGUCAUCCAGAGGUCAAUU

.:U
UCUCC GGAUAA

u . *xon 3
UGUUAUAUUUUAAUUAUGCCAGCU -. .. 3'

/ U t PO
A
U UUUAAAACCAAUUACUUUUUUUUAGUGGGU./ .. : U

UGUUAAAAAGAAUAAAUCACCUU
/ ~~~~~~~G

AGUUUUCGAA A G
...A A U

CAAGGGUAU U U
A A:U
A A:U

/ U G:C
/ ~~~~~~SC G:.C

UAAAGUC G A
A A A
A UUCAG A.U

stOP A U R A C:G
C 775-- UAGAUUUGUUGAGAUUUA A G CU

bases C A U:A
cuaturase -AAAACAACACUAAAGCAACG C CGACUAU AUGAAUUAAC -81 bases

*AAC GUUGCUAUAUGC UGGAACUACUUGAAAA

*xon 3 B
5'--C*G**** *: *.:.. AA

A

-U...-**-U*. *xon 4
/ .*-----------vv*Av*Gv-. .3'

/ UU.-.....U...... *--A-CAA-UA-UAU-

/*A-**-UU-*.....G--UUUUA--+

/... C-UA-U
/~~~~~~~:. U-

/ ~~~~~~~~. ....A-G--

U.A

S.

-25 GAUAC-ACA ... ...

bases U A
aturase --UU .. ........ ...-52 bases

/ * ~~~~~~.........G.. . ..G C ... -

Fig. 4. Comparison of RNA secondary structures of the two highly

homologous coxl introns of S. pombe and A. nidulans. (A) The RNA

secondary structure of the second S. pombe intron was constructed accor-

ding to the model of Davies el al. (1982). Arrows point to the two splice

points. (B) In the A. nidulans secondary structure, nucleotides identical to

A are indicated by asterisks and only nucleotide exchanges, an insertion
(+) or deletions (-) are shown, in order to visualize compensatory ex-

changes within helical regions or stretches without pronounced conservation
(the data of the secondary structure of the A. nidulans intron are taken
from Waring et al., accompanying paper). The position of the highly con-

served R and S consensus sequences and the possible IGS pairing (denoted
as PlO) are depicted in bold letters.

Fink, 1980; Gafner and Philippson, 1980). The high GC con-

tent of the insert also suggests its non-mitochondrial, possibly
nuclear origin (compare Waring et al., preceding paper).
Type I introns have been detected at many different posi-

tions within various structural genes, but the highly
homologous S. pombe and A. nidulans coxi introns are in-
serted exactly at the same position in the gene. Both the high
homology of introns and the identical insertion point suggest
a very close relationship between them. An analysis of the
conservation of the coxi exon sequence will show that this is
only the case for the introns (see Figure 6).
Two further examples have been reported, where introns

are at the same position of genes. The sequence of these
introns are either almost completely different (e.g. introns in
the large rRNA of N. crassa and S. cerevisiae, Burke and
RajBhandary, 1982; Dujon, 1980) or the homologies are less
pronounced (cob introns of S. cerevisiae and A. nidulans;
Waring et al., 1981; Lazowska et al., 1981).

Table II. Homologies of amino acids in the intronic urfs of the highly con-
served coxi introns of S. pombe and A. nidulans

Amino acid Number of amino 07o homology
positions acids minus insert

(216-229)

'LAGLI'-region
(1. decapeptide) 80-119 40 88

'DADG'-region
(2. decapeptide) 203-318 102 88

Complete reading frame,
except region containing
secondary structure 80-346 253 70

The calculations and the positions of amino acids are based upon the align-
ment shown in Figure 3. The homology of the first 88 amino acids has not
been calculated because of constraint by the RNA secondary structures in
this region rather than by amino acid conservation.

It is known from the analysis of various class I introns that
certain regions of the intron RNAs can be folded into highly
conserved secondary structures (Michel et al., 1982; Davies et
al., 1982). In regions of the type I introns necessary to build
the RNA secondary structures there is no apparent constraint
to conserve amino acid sequences. The two blocks of
conserved amino acids found in this region (Figure 3) reflect a
high nucleotide conservation. From the strong conservation it
is clear that the secondary structures of both intron RNAs are
almost identical as shown in Figure 4. Remarkably, the
pairing of an internal guide RNA sequence (IGS) (Davies
et al., 1982) is much weaker in S. pombe than in the
homologous A. nidulans intron, indicating its minor role (if
any) in splicing of S. pombe introns.

In the first coxl intron of S. pombe, which is also of class
I, such an IGS is obviously dispensible for splicing and its
function seems to be replaced by another mechanism (Lang et
al., in preparation).
The exon regions flanking the intron are of extraordinarily
high homology
As shown in Figures 5 and 6, the second intron of the coxi
gene of S. pombe and the third intron of A. nidulans lie at
exactly the same position and within a highly conserved do-
main of the structural gene. An exon region of 60 bp,
upstream of the introns, covers most of this highly conserved
domain with a nucleotide homology of 8207o and about the
same percentage of identical amino acids (807o). Also 60 bp
of the region downstream of the intron are very homologous.
However, in this stretch there is only 4507o amino acid
homology, but 70% nucleotide homology. The relatively low
amino acid homology of this stretch is in agreement with the
generally low amino acid conservation in other species (see
Figure 6). The much higher nucleotide homology may then
result from the above postulated intron transfer: if the flank-
ing exon sequences were co-transferred with the intron,
subsequent nucleotide exchanges in this less conserved region
could decrease the percentage of the amino acid homology to
a higher degree than that of the nucleotide homology.
A comparison of the 3' part of various coxi structural genes
The assumption that a horizontal intron transfer could have
happened from an Aspergillus-type coxl intron to S. pombe
was based on the observation that their structural genes are
less conserved than the introns. A comparison of two struc-
tural genes has been already made for the ATPase subunit 6
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gene (Lang et al., 1983), indicating the considerable evolu-
tionary distance between the S. pombe gene and any other
fungal gene. A similar result is obtained when comparing the
putative amino acid sequences of the carboxy-terminal region
of coxi from S. pombe with that of different species (Bonitz

et al., 1980; Anderson et al., 1982; Waring et al., preceding
paper; Burger and Werner, 1983). Blocks of homologous
regions are interspersed by sequences of very low homology
including multiple insertions or deletions (Figure 6). Especial-
ly for the alignment of fungal with human genes, amino acid

Upstream exons:

(82% of nucleotides; 80% of amino acids)

S. pombe: AGGTGGTGGTGAf,CCTGTACTTTACCAACATTTATTCTGGTTCTTTGGTCATCCAGAGGT AATTTA
+++++++++++ +++ + + + +++++++++++++++ +++++ ++ ++ ++++++++ ++

A. nidul.: GGTGGTGGTGATCCTATCTTATTCCAACATTTATTCTGATTCTTCGGGCACCCAGAGGT AAAAAT

Downstream exons:

i (70% of nucleotides; 45% of amino acids)

S. pombe : TTTATTG TATATTTTAATTATGCCAGCTTTCGGTGTTGTTAGTCACATTATTCCTAGTTTAGCTCA
+++ .+++ +++++++++++++++ ++++ +++ +++ + +++++ +++++ ++ + + +I

A. nidul.: TTT.TTG TATATTTTAATTATACCAGGTTTTGGTATAATTAGTACAGTTATTGCTGCTGGATCAGG

Fig. 5. Comparison of the nucleotide sequences of the coxi structural genes of S. pombe and A. nidulans, flanking the homologous introns. 60 nucleotides of
the flanking exon regions (boxed) were aligned and the nucleotide homologies within the regions calculated. The respective amino acid homologies are given
for comparison.

S. pombe
A. nidulans
N. crassa.
S. cerevisiae
Hel a

I2, S. pombe
I3,A. nid.

I2, A. ni d. I4, S. cer. |

********** ****** *** ***** ******** **************** **** ** * * *e* **F
... LLLLTLPVLAGGLFMLFSDRNLNTSF YAPEGGGDPVLYQHLFWFFGHPEVYILIMPAFGVV HIIPSLA-HKPIFGKEGM
... LLLLSLPVLAGGITMVLTDRNFNTSF FEV GGGDPILFQHLFWFFGHPEVYILIIPGFGIISTVIAAGS-GKNVFGYLGM
... LLLLSLPVLAGAITMLLTDRNFNTSF FET GGGDPILFQHLFWFFGHPEVYILIIPGFGII TTISAYS-NKSVFGYIIGM
... LLLLSLPVLSAGITMLLLDRNFNTSF FEV GGGDPILYEHLFWFFGHPEVYILIIPGFGIISHVVSTYS-KKPVFGEIISM
... LLLLSLPVLAAGITMLLTDRNLNTTFf DP GGGDPILYQHLFWFFGHPEVYILILPGFGMIS HIVTYYSGKKEfPFGYM GM

ISc, S. cer. I50, S. cer.
* ** *** *** ****** ************* ** *** **********+** ** ** * ** *** *** ** *** *** *******

LWAMLSIALLGLMVWSHHLFTVGLDVDTRAYFSAATMVIAIPTGIKIFSWLA LTGGAIQWSRV PIMLYAIGFL LFTIGGLTGVILSNSVLDIAFHDTYF
VYAMMSIGVLGFLVWSHHMYTVGLDVDTRAYFTAATLIIAVPTGIKIFSWLAT CYGGSLHLTP- PMLFALGf VVLFTIGGLSGVVLANASLDVAFHDTYY
VYAMMSIGILGFIVWSHHMYTVGLDVDTRAYFTAATLIIAVPTGIKIFSWLAT CYGGSIRLTP- SMLFALGFV FMFTIGGLSGVVLANASLDIAFHDTYY
VYAMASIGLLGFLVWSHHMYIVGLDADTRAYFTSATMIIAIPTGIKIFSWLA IYGGSIRLAT- MLYAIAfLF LFTMGGLTGVALANASLDVAFHDTYY
VWAMMSIGFLGFIVWAHHMFTVGMDVDTRAYFTSATMIIAIPTGVKVFSWLA LHGSNMKWSA- VLWALGFIF FTVGGLTGIVLANSSLDIVLHDTYY

I5,S.cer.

*4-**** * i * * * * ** * * ** *** ***** **** **** * ** ** ** **

VVAHFHYVLSMGALFGLC-GAYYWSPKMFGLMYNETLASIQFWIL IGV VFGPQHFLGLNGMPRRIPDYPEAFVGW FV SSIGSVI ILSLFLFMYVM
VVAHFHYVLSMGAVF ALFSGWYLWIPKLLGLSYDQFAAKVHFWIL fIGVI LTFFPQHFLGLQLMPRRISDYPDAFYGW LLSSIGSII VVATWYFLTII
VVAHFHYVLSMGAVF AMFSGWYHWVPKILGLNYNMVLSKAQFWLLfIGV,4L TFFPQHFLGLQGMPRRISDYPDAFSGW ISSFGSIV VVASWLFLYIVVVGHFYYVLSMGAI SLFAGYYYWSPQILGLNYNEKLAQIQFWLIfIGA4 IFFPMHFLGINGMPRRIPDYPDAFAGWNYV ASIGSFI TLSLFLFIYIL
VVAHFHYVLSMGAV AIMGGFIHWFPLFSGYTLDQTYAKIHFTIM TFIGVL FFPQHFLGLSGMPRRYSDYPDAYTTWNILSSVGSFISLTAVMLMIFM1

* * * ** *** * * *

YDQFTSNRVVKTNPYLIPSYFDDNVIFVNEKLGV----AQSIEWLLHSPVHEHAFNTLPTKSI#
YKQLTEGKAVSRYPWLTPQLFSDTFQVLFTRNNS------SLEWCLTSPPKPHAFASLPLQS#
YIQLVQGEYAGRYPWSIPQFYTDSLRALLNRSYP --SLEWSISSPPKPHSFASLP-LQSSSFFLSFFRLSSYGEQKEISGRQN#
YDQLVNGLNNKVNNKSVIYAKAPDFVESNTIFNLNTVKSSSIEFLLTSPPAVHSFNTPAVQS#
WEAFASKRKVLMVEEPSM----------------------NLEWLYGCPPPYHTFEEPVYMKS#

FIg. 6. Comparison of the putative amino acid sequences of coxi in various species. The amino acid sequences, shown in this alignment, were translated from
respective sequences of the genes. The comparison includes the amino acids, homologous from position 198 to the carboxy-terminal of the mature N. crassa
subunit (Burger and Werne, 1982). Other data are taken from Waring et al. (accompanying paper), Anderson et al. (1982), Bonitz et al. (1980) and Hensgens
et al. (1983). In order to distinguish blocks of homologous regions, those positions were marked with an asterisk, having four or five identical amino acids.
Blocks of homology are boxed, containing a minimum of five asterisks, interspersed by only single mismatches. The position of intron insertions are indicated
by arrows. (Stop codons: #.)
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Table III. Percentage of amino acid homology of coxl exons

A. nidulans N. crassa S. cerevisiae HeLa

S. pombe 58 57 60 53

A. nidulans - 88 67 58

N. crassa - - 64 57

S. cerevisiae - - - 54

The data are taken from the alignment shown in Figure 6.

insertions or deletions have to be assumed in the low
homology regions. However, the small variation in length of
the fungal and mammalian genes in this region does not sup-
port the idea of further small introns in the fungi as previous-
ly discussed (Bonitz et al., 1980; de Jonge and de Vries, 1983).
The size variations fall into the region of very low amino acid
homology of the subunit shown to exist in the mature poly-
peptide in N. crassa by amino acid sequencing (Burger et al.,
1982). Thus it is more likely that the carboxy-terminal portion
of the coxi gene is generally variable. The most significant
deviation from all other fungal genes is found in the N. crassa
gene, which has a 3' extension of the reading frame of - 24
codons.
The study of the amino acid homology of the coxi exon

regions (Figure 6 and Table III), leads to the same conclusion
that was drawn from a comparison of the ATPase subunit 6
genes (Lang et al., 1983). In terms of evolution, S. pombe
mitochondrial sequences are far distant from any other
equivalent fungal gene - with the exception of the second
coxl intron.
Concluding remarks
Do the two coxi introns of S. pombe and A. nidulans result
from a recent horizontal gene transfer? Three arguments can
be brought forward, which suggest such a horizontal intron
transfer: (i) the comparison of structural genes of A. nidu-
lans and S. pombe clearly demonstrates that both fungi are
not closely related, whereas the coxl introns are of an excep-
tionally high homology. (ii) TGA codons, preferred as a
tryptophan codon in the mitochondrial genes of all other
fungi and of mammalia are found only in two out of three
S. pombe intronic urfs and in urfa, but not in the ubiquitous
mitochondrial genes. The unique use of TGA codons in the
introns would then indicate the direction of transfer: from an
Aspergillus-type species to S. pombe. (iii) Exon sequences,
directly adjacent to the highly homologous coxl introns in
S. pombe or A. nidulans, respectively, have a remarkably
high nucleotide homology.

Although introns are tolerated at many sites of various
genes, one property seems to be common to most regions of
intron insertion: they occur in highly conserved regions. For
introns in the coxl gene, a relatively low homology is only
found downstream of the S. cerevisiae coxl intron 5a. Two
reasons may account for intron insertions in highly conserved
regions. (i) Mutations in the intron can be eliminated in two
ways: either by deletion of the intron or by reversion or sup-
pression of such a mutation. The different possibilities of
more or less precise intron deletions are considerably reduced
if the intron lies in a highly conserved region of a gene.
(ii) These introns, maintained in regions of high homology
can be much more easily distributed via horizontal gene
transfer, because the exon regions adjacent to the intron

would provide the homology necessary for recombination
events.

Materials and methods
Cloning
The DNA sequence has been obtained from clones pFM Ill, pFM 261 and
pFM 26, containing the first EcoRI fragment and the sixth and eighth HindIII
fragments of the S. pombe mtDNA. A detailed description of plasmids has
been published (Lang and Wolf, 1984). Part of the sequence has been also ob-
tained from clone pFM I 11-1, containing HindIII fragment 1 of the S. pombe
mtDNA, which was subcloned from pFM Ill and was kindly provided by H.
Trinkl.
DNA sequence analysis
The sequencing protocols of Maxam and Gilbert (1980) were followed with
slight modifications: (i) DNA was recovered from gels by electroelution in
dialysis bags, (ii) in addition to the 5' end labelling with T4 polynucleotide
kinase after dephosphorylation, 3' ends were labelled using either DNA
polymerase I and adNTPs in fill-in reactions or terminal transferase and cor-

dycepin (Roychoudhury et al., 1979), (iii) the five reactions (A + G, G, A + C,
T + C and C) were run on 0.3 mm thin sequencing gels and handled according
to Garoff and Ansorge (1981). Both DNA strands were sequenced, using
overlapping fragments.
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