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The Neurospora crassa mitochondrial tyrosyl-tRNA synthetase (mt tyrRS), which is encoded by the nuclear
gene cyt-18, functions not only in aminoacylation but also in the splicing of group I introns. Here, we isolated
the cognate Podospora anserina mt tyrRS gene, designated ytsl, by using the N. crassa cyt-18 gene as a
hybridization probe. DNA sequencing of the P. anserina gene revealed an open reading frame (ORF) of 641
amino acids which has significant similarity to other tyrRSs. The ytsl ORF is interrupted by two introns, one
near its N terminus at the same position as the single intron in the cyt-18 gene and the other downstream in a
region corresponding to the nucleotide-binding fold. The P. anserina ytsl+ gene transfbrmed the N. crassa
cyt-18-2 mutant at a high frequency and rescued both the splicing and protein synthesis defects. Furthermore,
the YTS1 protein synthesized in Escherichia coli was capable of splicing the N. crassa mt large rRNA intron in
vitro. Together, these results indicate that YTS1 is a bifunctional protein active in both splicing and protein
synthesis. The P. anserina YTS1 and N. crassa CYT-18 proteins share three blocks of amino acids that are not
conserved in bacterial or yeast mt tyrRSs which do not function in splicing. One of these blocks corresponds
to the idiosyncratic N-terminal domain shown previously to be required for splicing activity of the CYT-18
protein. The other two are located in the putative tRNA-binding domain toward the C terminus of the protein
and also appear to be required for splicing. Since the E. coli and yeast mt tyrRSs do not function in splicing,
the adaptation of the Neurospora and Podospora spp. mt tyrRSs to function in splicing most likely occurred
after the divergence of their common ancestor from yeast.

The mitochondrial (mt) genome of the ascomycete Podos-
pora anserina contains an extraordinarily large number of
introns (17). In race s of P. anserina, the mitochondrial DNA
(mtDNA) contains 31 group I introns and 2 group II introns;
these are found in the mt large rRNA and all protein-coding
genes except ND2 and ATPase6. The different group I
introns can be classified into subgroups having closely
related structures (51). The large number of group I introns
in P. anserina mtDNA implies that there is either an efficient
mechanism for intron dispersal or an inefficient mechanism
for intron removal.
The splicing of group I introns occurs via RNA catalyzed

transesterification reactions initiated by the addition of gua-
nosine to the 5' end of the intron RNA (12, 34). These
splicing reactions are RNA catalyzed, and a number ofgroup
I introns have been shown to self-splice in vitro. Neverthe-
less, genetic analysis of mtRNA splicing in Neurospora
crassa and Sacharomyces cerevisiae indicates that the splic-
ing of many, if not all, group I introns requires protein
factors, which may facilitate correct folding of the catalyti-
cally active intron RNAs in vivo (41). Even group I introns
that are self-splicing in vitro require protein factors for
efficient splicing in vivo (24, 25, 66).
A number of proteins required for splicing group I introns

have been identified by analysis of N. crassa and yeast
mutants defective in mtRNA splicing (41). Some of these
proteins, called maturases, are encoded by the introns
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themselves, whereas others are encoded by nuclear genes.
Many of the splicing factors identified thus far appear to be
specific for a particular organism, and they include ami-
noacyl-tRNA synthetases and other host proteins that also
function in protein synthesis. On the basis of these findings,
we suggested that the adaptation of host proteins to function
in splicing may have occurred relatively recently in evolu-
tion, possibly reflecting the recent dispersal of the introns
themselves (41).
The presence of a large number of group I introns in P.

anserina mtDNA raises the questions of how these introns
are spliced and whether their splicing might be regulated.
The splicing of mt introns in P. anserina may also be
relevant to the phenomenon of senescence, which is influ-
enced by both nuclear and mt genes (36). During aging, the
fungus accumulates amplified circular (plasmid-like) DNAs
consisting of different regions of the mt genome containing
group I or group II introns (16, 50, 55, 67). From work with
nuclear longevity mutants lacking amplified plasmid-like
molecules (65), it was suggested that nuclear-encoded fac-
tors required for mtRNA processing may control the gener-
ation of these amplified DNA molecules (37).
Thus far, there has been no information about protein

factors required for RNA processing in P. anserina, al-
though recently self-splicing of a group I intron (cytb-I2) and
a group II intron (plDNA) have been demonstrated in vitro
(29, 60, 61). In N. crassa, a filamentous fungus closely
related to P. anserina, an important protein required for
splicing group I introns is the mitochondrial tyrosyl-tRNA
synthetase (mt tyrRS), which is encoded by the nuclear gene
cyt-18 (2). Two temperature-sensitive mutants in the cyt-18
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gene, cyt-18-1 and cyt-18-2, are defective in splicing the mt
large rRNA intron and other group I introns as well as in mt
tyrRS activity. In the present work, we used the N. crassa
cyt-18 gene as a hybridization probe to clone the cognate
ytsl gene encoding the mt tyrRS from P. anserina. We show
that the P. anserina ytsl gene encodes a mt tyrRS, which is
also a bifunctional protein active in both mt protein synthesis
and RNA splicing.

MATERIALS AND METHODS

Strains and growth conditions. P. anserina s (ATCC 26003)
was maintained as described previously (20). N. crassa
strains were wild-type 74A (74-OR23-1A; FSGC 2489) and
mutant cyt-18-2 (289-67 GG al-2 A) (7). Procedures for
maintaining N. crassa strains, preparing conidia, and grow-
ing cells in liquid culture were as described previously (19).
For the analysis of mtRNA and cytochrome spectra, N.
crassa strains were grown at 37°C. Wild-type 74A was grown
for 11 h. Rapidly growing transformants (i.e., those showing
good complementation of the cyt-18-2 mutation) were also
grown for 11 h, whereas slowly growing transformants (i.e.,
those showing poor complementation of the cyt-18-2 muta-
tion) were grown for 25 h.

Escherichia coli K803 (21) was used for the amplification
of the recombinant X EMBL4 phage. E. coli SMH50 was
used to grow the single-stranded M13mpl9 phage for dide-
oxy sequencing (71). E. coli JM83 (49) was used for cloning
of DNA with the bacterial vectors pUC19 (71), pBS(-)
(Stratagene, La Jolla, Calif.), or pT7-7 (64). E. coli BL21::
DE3(pLysS) or E. coli K38 containing plasmid pGP1-2 were
used for expression of the YTS1 protein (57, 64).
Recombinant plasmids and bacteriophage. The P. anserina

genomic library was constructed by ligating EcoRI partial
digest fragments of nuclear DNA from P. anserina s to
EMBL4 arms. Recombinant phage were packaged with a
commercial DNA packaging system (Gigapack-plus; Genofit,
Heidelberg, Germany) and used to infect E. coli K803.
Recombinant plasmid pUH1 contains the ytsl gene (the

5.5-kb BamHI fragment from phage LC54) cloned into the
BamHI site of pUC19 (71). pBP6 was constructed by cloning
the same 5.5-kb BamHI fragment from phage LC54 into
pBS(-) and then deleting a 2.6-kb HindlIl fragment contain-
ing P. anserina sequences upstream of the 5' end of the ytsl
open reading frame (ORF).
Recombinant plasmids containing C-terminal truncations

of the ytsl ORF were obtained by digesting pBP6 with the
indicated restriction enzyme or with Bal 31 and recloning the
appropriate ytsl fragment in pUC19. For Bal 31 treatment,
pBP6 was linearized with StuI and digested with Bal 31
(Boehringer GmbH, Mannheim, Germany) (58). The digests
were phenol extracted, 5' protruding ends were filled in with
the Klenow fragment of DNA polymerase I, and the plas-
mids were religated. The resulting plasmids were then se-
quenced to determine the extent of degradation. The follow-
ing plasmids contain the indicated DNA fragments and
truncations, where the nt (nucleotide) refers to the position
in Fig. 2, and aa (amino acid) refers to the last codon of the
ytsl gene retained in the clone: pBP6-4 (2.3-kb SphI-BamHI,
nt 2184, aa 578); pBP6-3 (2.0-kb BamHI-StuI, nt 1884, aa
468); pBP2-45 (Bal 31 treatment, nt 1814, aa 444); pBP2-55
(Bal 31 treatment, nt 1721, aa 413); pBP2-29 (Bal 31 treat-
ment, nt 1638, aa 386); pBP6-2 (1.55-kb HindIII, nt 1552, aa
358); pBP6-1 (1.4-kb EcoRI, nt 1212, aa 246).

Preparation and analysis of DNA. Nuclear DNA was
isolated from P. anserina and from N. crassa transformants

as described previously (38). Standard methods were used
for isolation of phage DNA (62), preparation of plasmid
DNA (9), isolation of single-stranded M13 DNA, restriction
enzyme analysis, and Southern hybridization (58). DNA
probes were 32p labeled by nick translation (56) or by the
random hexamer method (22).

Plaque hybridization. The P. anserina genomic library was
screened by plaque hybridization with 32P-labeled plasmid
p337, which contains the N. crassa cyt-18 gene (6, 13).
DNA sequencing. For sequencing, restriction fragments of

A clone LC54 were subcloned in M13mpl9 to give the
following M13 clones: M12-2 and M12-5 (contains a 2.1-kb
BglII-BamHI fragment in both orientations), M14-0 (con-
tains a 1.6-kb EcoRI-BamHI fragment), and M16-0 (contains
a 1.2-kb HindIII-EcoRI fragment). Nested deletions of the
double-stranded M13 clones were constructed by the T4
DNA polymerase method (18), and sequences were deter-
mined by the dideoxy method (8, 59). Sequencing was from
a universal M13 primer or synthetic oligonucleotides, as
shown in Fig. 1, with deoxyadenosine 5'-[a-35`]thiotriphos-
phate (1,000 mCi/mmol; Amersham Buchler, Braunschweig,
Germany), by using Klenow fragment ofDNA polymerase I
(Boehringer), Sequenase (United States Biochemical Corp.,
Cleveland, Ohio), or Taq polymerase (Biozyme, Hameln,
Germany) (32). Sequences were analyzed by using the
computer programs of Lipman and Pearson (44) and Mount
and Conrad (53). The complete DNA sequences of both
DNA strands were determined experimentally.

Synthesis of oligonucleotides. Oligonucleotides were syn-
thesized by the P-cyanoethyl phosphoramidite method (63),
by using an Applied Biosystems model 381A DNA synthe-
sizer. Deprotected oligonucleotides were purified by high-
pressure liquid chromatography by using a C18RP analytical
column. The following oligonucleotides were used, with the
numbers in parenthesis corresponding to their positions in
Fig. 2:

5' GAGCGCATATGAGCATGAGCAG '(335-356)
5' GATCGGTGGCGCGACGGCCA 3' (829-848)
5' CCACCAATCCCAACCTTGCAT 3' (1254-1234)
5' CTGGATTCCATTTGCCTGATA 3' (1281-1261)
5' GCTCGTTATCACGGACGA 3' (1360-1343)
5' GTTACTTTGTGCGGCGATCC 3' (1517-1536)
5' GCTTGGTGCACGGCATGAACGCG 3' (1670-1641)
5' GGCCTGGTGGTTCAAGGC 3' (1722-1705)
5' ATGTAGGCACCTTGCTGGGT 3' (1943-1924)
5' CTCCTGGGGGAACCAGAG 3' (2040-2022)
5' CTGATCCGGAAACTTCATAA 3' (2310-2291)
5' GCCAATATCGTACAACTCAG 3' (2475-2455)

Transformation of N. crassa. N. crassa cyt-18-2 was trans-
formed by using spheroplasts made with Novozym 234 as
described previously (1, 13). Spheroplasts were cotrans-
formed with plasmids containing the ytsl+ or cyt-18+ genes
plus pBML, which contains the N. crassa benomyl resis-
tance (BmF) gene as a second selectable marker. Trans-
formed spheroplasts were suspended in 4 ml of top agar
(0.6% Bacto agar [Difco, Detroit, Mich.] containing Vogel's
minimal medium, 500 mM MgSO4, 2% sorbose, 0.05%
fructose, 0.05% glucose, and 0.01% inositol). The top agar
containing the transformed spheroplasts was then overlaid
on 1.5% agar plates containing Vogel's minimal medium, 2%
sorbose, 0.05% fructose, 0.05% glucose, 0.01% inositol, and
0.5 mg of benomyl per ml. Plates were incubated at room
temperature for 10 h to permit regeneration of spheroplasts
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FIG. 1. Physical map of the P. anserina genomic region containing the ytsl gene and strategy for DNA sequence determination. At the
top is a restriction map of the 14.6-kb genomic region of A clone LC54. The shaded fragment corresponds to the region of homology to the
N. crassa cyt-18' gene. Below are the 2.8-kb HindIII-BamHI fragment and subclones used for sequence analysis. Exons are shown in black;
arrows indicate the direction and extent of sequencing; synthetic oligonucleotides are indicated by an asterisk. Other sequences were obtained
from nested deletion clones by using an M13 primer. Abbreviations: B, BamHI, Bg, BglII, E, EcoRI, H, HindlIl, S, Sall.

in the absence of selection and then transferred to 38.5°C for
4 days (13).

Isolation and analysis of mtRNA. Mitochondria were iso-
lated by the modified flotation gradient method (40), and
mtRNA was extracted by the UNSET procedure (25). RNA
was denatured with glyoxal and analyzed by electrophoresis
in 1.4% agarose gels (48). Gels were stained with ethidium
bromide and photographed under 365-nm UV light.
Cytochrome spectra. Reduced - oxidized difference spec-

tra of mitochondria were obtained essentially as described
by Nargang et al. (54), by using a Beckman DU-7 spectro-
photometer.

Analysis of YTS1 protein synthesized in E. coli. The YTS1
protein was expressed in E. coli from plasmid pT7-ytsl,
which contains a cDNA analog of the ytsl gene cloned
downstream of the bacteriophage T7 gene 4i10 promoter in
the expression vector pT7-7 (64). The construction of this
plasmid by polymerase chain reaction procedures is de-
scribed in detail elsewhere (29). pT7-ytsl was expressed in
E. coli BL21::DE3(pLysS), which contains an integrated,
IPTG (isopropyl-,-D-thiogalactopyranoside)-inducible bac-
teriophage T7 RNA polymerase gene (57). Induction of the
YTS1 protein was followed by immunoblotting, by using
anti-CYT-18 antibody C18-2 (45). For unknown reasons, the
yield of the YTS1 protein was relatively low compared with
that of CYT-18 protein, using either E. coli BL21::DE3
(pLysS) or E. coli K38 containing plasmid pGP1-2, in which
the T7 RNA polymerase gene is expressed from the bacte-
riophage A PL promoter regulated by the temperature-sensi-
tive repressor c1857 (64). The yield did not improve when the
ytsl cDNA was recloned in the pEX501 vector used rou-
tinely to express CYT-18 protein (33). The ytsl cDNA was
sequenced completely and found to have no errors intro-
duced during polymerase chain reaction cloning.

For splicing assays, the YTS1 protein synthesized in E.
coli was partially purified by chromatography in 1 ml of
heparin-Sepharose columns, essentially as described for the
CYT-18 protein synthesized in E. coli (33), except that
approximately three times the amount of protein was loaded
to compensate for poorer expression of YTS1. Column
fractions (0.5 M KCI) containing YTS1 protein were assayed
for splicing activity, by using a 698-nucleotide (nt) in vitro
transcript containing a 583-nt derivative of the N. crassa mt
large rRNA intron that is not self-splicing in vitro (27). The
in vitro transcript substrate was synthesized from BanI-
linearized pHX9422, by using bacteriophage T3 RNA poly-
merase (GIBCO BRL, Gaithersburg, Md.) as described
previously (27). Splicing reactions were carried out by
incubating 1 jig of in vitro transcript with 40 ,Ci of
[a-32P]GTP (3,000 Ci per mmol; Dupont, NEN Research
Products, Boston, Mass.) and 4 RI of YTS1 column fraction
(0.1 jig of protein) in 20 RI of reaction medium containing 100
mM KCI, 20 mM Tris-HCl (pH 7.5), 5 mM dithiothreitol, and
0.25 U of Inhibitase (5 Prime--3 Prime, West Chester, Pa.),
and varying concentrations of MgCl2, as indicated in Fig. 8.
As a positive control, reactions were carried out with
CYT-18 protein (a 2-pil column fraction containing 0.3 ,ug of
protein) synthesized in E. coli from plasmid pEX550 and
purified in parallel with the YTS1 protein. Reactions were
initiated by the addition of protein preparation, incubated for
15 min at 37°C, and terminated by phenol extraction and
ethanol precipitation. Products were analyzed by electro-
phoresis in a 4% polyacrylamide-8 M urea gel followed by
autoradiography.

Nucleotide sequence accession number. The EMBL acces-
sion number for the sequence presented in this report is
X54981.
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GAGCTCTCACCCTTTTTCAGCAGGTCAAGGTGCCAGATCAGATCTTCGTAGGACTTCGTTGGCGGTAAAGCAACTTQCAACAQTTCAGCCGCCGTAATGGCGTTCGGAIAA

Met Ser Met Ser Arg Gly Ser Val Cys Arg Arg Cys Leu Leu Thr Met Lys Ser Met Ala Gly Gly Gly Pro Thr
GGAGCGCTC ATG AGC ATG AGC AGA GGC TCC GTC TGC CGG AGA TGC CTG TTA ACG ATG AAG TCC ATG GCT GGT GGA GGA CCA ACA

Ser Thr Tyr Ala Gln Gln Arg Gly Lys Lys Thr Trp His Gly Pro Lys Tyr Gln Ala Lys Ile Asp Gln Ala Gln Ala Asp Trp
TCA ACA TAC GCT CAA CAA CGC GGC AAA AAG ACA TGG CAC GGC CCC AAG TAC CAG GCG AAG ATT GAC CAG GCA CAG GCT GAT TGG

Glu Glu Arg Ala Glu Lys Ile Lys Lys Gly Glu Ile Gln His Thr Trp Asp Met Phe Val Glu Arg Gly Tyr Val Lys Asp Thr
GAA GAG CGG GCT GAA AAG ATC AAG AAG GGG GAG ATT CAA CAC ACA TGG GAT ATG TTT GTT GAG AGA GGC TAT GTG AAG GAC ACA

Ala Gly Ser His Glu Thr
GCT GG gtaggtctacaaagtctggcgctgaggtaaacttgaagagcactgttttccggagcagattggctgacttcaacttgggagaaag A TCT CAT GAA ACT

Ile Arg Lys Leu Met Leu His Lys Arg Ile Gly Ala Tyr Thr Gly Ile Asp Pro Thr Ala Pro Ser Leu His Ile Gly His Leu
ATT CGC AAA CTG ATG CTT CAC AAA CGG ATT GGC GCC TAC ACT GGC ATT GAC CCA ACG GCG CCC TCT CTA CAC ATT GGC CAT TTG

Leu Pro Leu Met Pro Ile Phe Trp Met Tyr Met His Gly Tyr Ala Gly Tyr Thr Leu Ile Gly Gly Ala Thr Ala Lys Ile Gly
CTC CCG CTC ATG CCG ATT TTC TGG ATG TAT ATG CAC GGT TAC GCT GGT TAC ACT CTG ATC GGT GGC GCG ACG GCC AAG ATT GGC

Asp Pro Thr Asp Arg Leu Val Ser Arg Thr Pro Leu Lys Arg Thr Asp Leu Thr Met Asn Leu Thr Lys Ile His Tyr Gln Leu
GAC CCT ACT GAC CGG TTG GTC AGC CGC ACG CCT CTC AAA AGG ACC GAC CTC ACC ATG AAT TTG ACC AAG ATA CAC TAC CAA CTC

Lys Ala Leu Trp Met Asn Val Glu Glu Gln Ala Arg Arg Arg Gly Phe Glu Lys Asp Trp Ala Trp Lys Arg Ala Val Val Asn
AAG GCC CTC TGG ATG AAT GTG GAA GAA CAG GCA AGG AGG CGG GGC TTC GAG AAG GAT TGG GCA TGG AAA CGG GCT GTT GTG AAC

Asn Ser Thr Trp Trp Asn Ser Leu Pro Lou Ile Glu Val Leu Lys Arg Lou Gly Asp Ser Met Arg Met Gly Pro Leu Leu Ser
AAC TCT ACA TGG TGG AAC TCG CTT CCT CTG ATC GAG GTT CTC AAG AGG TTA GGG GAT AGT ATG AGA ATG GGT CCC TTG CTG TCC

Arg Asp Thr Val Lys Asn Lys Met Ser Lys Gly Asp Gly
CGC GAT AC gtaagtgttgatttcaggcattcatcggcaggcgcattgctgaccttctctcacag G GTC AAG AAC AAA ATG TCG AAA GGC GAT GGC

Met Ser Phe Ser Glu Phe Thr Tyr Pro Leu Met Gln Gly Trp Asp Trp Trp His Met Tyr Gln Ala Asn Gly Ile Gln Met Gln
ATG TCC TTC TCA GAA TTC ACC TAC CCG CTC ATG CAA GGT TGG GAT TGG TGG CAT ATG TAT CAG GCA AAT GGA ATC CAG ATG CAG

Ile Gly Gly Ser Asp Gln Tyr Gly Asn Ile Val Thr Gly Val Glu Thr Val Lys Val Val Arg Asp Asn Glu Pro Asp Pro Ala
ATC GGT GGC TCC GAC CAG TAC GGA AAC ATC GTG ACC GGC GTC GAG ACG GTG AAA GTC GTC CGT GAT AAC GAG CCA GAT CCG GCG

Lys Lys Ile Glu Gly Gly Pro Phe Asn Asp Pro Val Gly Phe Thr Val Pro Leu Leu Thr Asp Ser Ala Gly Val Lys Phe Gly
AAA AAA ATT GAA GGT GGT CCC TTC AAC GAT CCG GTC GGC TTC ACC GTC CCC CTC TTA ACA GAC TCA GCC GGT GTC AAG TTT GGA

Lys Ser Ala Gly Asn Ala Val Trp Leu Asp Lys Phe Gln Thr Ser Glu Phe Asp Leu Tyr Gly Tyr Phe Val Arg Arg Ser Asp
AAG AGC GCC GGC AAT GCC GTT TGG CTT GAC AAG TTC CAG ACT TCC GAG TTC GAC CTT TAC GGT TAC TTT GTG CGG CGA TCC GAT

Gin Glu Val Glu Lys Leu Leu Lys Lou Phe Thr Phe Leu
CAA GAG GTC GAG AAG CTT CTC AAG CTC TTC ACC TTC CTG

Pro Ala Arg Arg Val Ala Gln His Leu Lou Ala Phe Glu
CCC GCC CGA CGA GTT GCT CAA CAT CTG CTG GCC TTT GAG

Leu Asn His Gln Ala Arg Tyr Gly Lys Gln Ile Asp Ile
TTG AAC CAC CAG GCC AGG TAC GGA AAG CAA ATC GAC ATC

Pro Pro Ser Ile Leu Asp Ala Pro Lys Met Asp Met Gln
CCA CCC TCC ATT CTA GAC GCC CCC AAG ATG GAC ATG CAA

Tyr Ala Ala Gly Leu Ala Lys Ser Ala Ser Glu Gly His
TAC GCC GCA GGC CTC GC AAG AGC GCC TCA GAA GGC CAC

His Lys Arg Thr Glu Asp Asn Lys
CAC AAG CGC ACC GAG GAC AAC AAG

Arg Asn Tyr Lou Ile Asp Gly Lys
AGG AAC TAC CTC ATC GAC GGC AAA

Glu Trp Lys Glu Ser Gly Gln Thr
GAG TGG AAG GAG TCT GGT CAG ACG

Lys Ser Gly Met Leu Thr Pro Asp
AAG TCG GGG ATG CTG ACG CCG GAC

Lys Phe Pro Asp Gln Asp Ser Tyr
AAG TTT CCG GAT CAG GAC TCT TAT

Val Met Asp
GTG ATG GAC

Leu Lou Ile
TTG CTC ATC

Tyr Pro Gly
TAC CCT GGC

Glu Val Lys
GAG GTC AAG

Ala Ile Arg
GCT ATT AGG

Tyr Ser
TAC TCC

Leu Arg
CTC CGC

Pro Met Glu Asn Ile
CCT ATG GAG AAT ATC

Val Val Gly
GTA GTC GGC

Pro Gly Val
CCC GGC GTC

Lou Pro Glu
CTG CCC GAA

Arg Leu Ala
CGC CTC GCC

Gln Leu Ser
CAG CTC AGC

Lys Gly Lys
AAG GGC AAG

Glu Pro Gly Thr Gly
GAG CCG GGG ACC GGT

Asn Glu Ala Met Lys Ile His Ser Glu Asn
AAC GAG GCC ATG AAG ATC CAC AGC GAG AAC

Leu Val His Gly Met Asn Ala Ala His Arg Thr Ala
TTG GTG CAC GGC ATG AAC GCG GCG CAT AGG ACC GCC

Thr Leu Arg Met Pro Lys Ala Ala Thr Glu Asp Thr
ACG CTC AGG ATG CCC AAG GCA GCA ACC GAG GAC ACG

Ser Leu Ile Met Gly Lys Ser Ile Gly Arg Ile Leu
TCT CTC ATC ATG GGC AAA TCC ATC GGC CGC ATC CTC

Thr Gln Gin Gly Ala Tyr Ile Gly Ala Met Pro Gly
ACC CAG CAA GGT GCC TAC ATT GGC GCC ATG CCT GGC

Phe Thr Pro Ile Lys Leu Trp Phe Pro Gln Glu Thr
TTC ACA CCC ATC AAG CTC TGG TTC CCC CAG GAG ACG

Val Gln Ile Arg Val Ile Glu Met Val Ser Asp Glu
GTC CAG ATT CGC GTC ATT GAG ATG GTC AGC GAC GAG

Ala Leu Arg Met Leu Arg Gln Gln Lou Lys Met Lou
GCG CTG CGC ATG CTT CGC CAG CAG TTG AAG ATG CTG

Ala Asn Lou Lys Asn His Val Glu Glu Glu Ala Pro Pro Pro Gly Phe Met
GCC AAC TTG AAG AAC CAT GTC GAG GAG GAG GCG CCG CCG CCT GGG TTT ATG

Arg Ala Thr Gln Glu Leu Met Asp Glu Ile His Gln Lys Glu Val Gly Gly
AGG GCG ACT CAG GAG CTG ATG GAT GAG ATT CAC CAG AAG GAG GTA GGG GGT

633 Asp Ser Pro Arg Glu Glu Arg Arg Glu * * *

2380 GAT TCG CCG AGG GMA GAG AGG AGG GAA TGA TGA TGA GTTGTAGAGGGGGATAGCCATCGTTGATCTGGGTTTTCATCTGAGTTGTACGATATTGGCTTG

2479 TATTATATCAGATGCATTATACTCTATTGTAGATTTTCGTATGTGTGCACATGAACTGGGATGAAGAGTTGGAGGTAGAAACGTAGGTAGATAAAAGCTCCAATCCAMA

2590 TACGTTTGCGGACCAAGATAAAAGAAAGATTGCTACTCCAAATAGGTAGGCCTCCTCGCTGCTAGACCTTCTCAGTATTTTCCCCCAGAGATTTCTGATCTTTTTTTCCGA

2701 AAGCCTACATCATCCCTTTGCCCGCATCATCAGCGATGGAGCACCGTCAAATCCCCCGCCGG
FIG. 2. Sequence of the ytsl + gene and flanking regions. Exon sequences are indicated by capital letters, introns are indicated in small

letters, and termination codons are marked by asterisks.
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51
V

31
V

Pa. ytsl-I1
P.a. ytsl-12
N.c. cyt-18

intron consensus sec

N. crassa

A. nidulans

S. cerevisiae

- GTAGGT ------ GCTGACT ---- 14 ---- AAG -
- GTAAGT ------ GCTGACC ---- 9 ---- CAG -
- GTAAGT ------ ACTAACA ---- 12 ---- CAG -

quences:

- GTAAGT ------ ACTAAC ---- 7-19 ---- CAG -
C G G T

- GTAAGT ------ CTAAG -------

G G
TTACAG G
CCC

- GTATGT ------ TACTAAC --- 18-53 ---- TAG -
C

FIG. 3. Comparison of intron sequences in the ytsl gene with those in other fungi. The intron sequence for the N. crassa cyt-18 gene is
from Akins and Lambowitz (2). Intron consensus sequences are shown for N. crassa (26), Aspergillus nidulans (47), and S. cerevisiae (42).
Arrows show the positions of exon-intron boundaries, and numbers give the nucleotides between the internal conserved sequence and the 3'
splice site. Abbreviations: P.a., P. anserina; N.c., N. crassa.

RESULTS

ytsl gene encodes the mt tyrRS. To isolate the P. anserina
mt tyrRS gene, we constructed a bacteriophage X library
consisting of 4 x 105 independent genomic DNA fragments
from P. anserina s. The library was screened by plaque
hybridization under fairly stringent conditions (0.2 mM
NaCl, 45% formamide; 37°C) with 32P-labeled plasmid p337,
which contains the N. crassa cyt-18 gene. This screening led
to the isolation of two X clones, LC54 and LC71, which have
identical restriction maps and contain the ytsl gene (Fig. 1).
We confirmed by Southern hybridization that 32P-labeled
p337 hybridized to the same sizes of EcoRI, BglII, SaiI, and
BamHI fragments in both of the X clones and in genomic
DNA from P. anserina s, indicating that this region of the
clones has not undergone substantial rearrangement relative
to the genomic DNA (not shown).

Additional Southern hybridizations localized the region
homologous to the cyt-18 gene to a 2.8-kb HindIII-BamHI
fragment. For sequencing, the three fragments of LC54
shown at the bottom of Fig. 1 were cloned in M13mpl9 and
nested deletions were constructed by using the T4 DNA
polymerase method (18). The deletion clones were then
sequenced by the dideoxy method (8, 59) as diagrammed in
Fig. 1. Gaps were closed by sequencing from synthetic
oligonucleotides, whose sequences were chosen from the
DNA sequence already determined. In this way, we ob-
tained a continuous DNA sequence of 2,762 bp (Fig. 2). The
sequences of both DNA strands were determined experi-
mentally.

Analysis of the DNA sequence revealed an ORF of 641
amino acids interrupted by two short introns (85 and 56 bp)
identified by conformity to intron consensus sequences in N.
crassa and other fungi (Fig. 3) and by the break in the
homology to the N. crassa CYT-18 protein. The amino acid
sequence of the ORF has significant homology to tyrRSs,
including 32% identity to the Bacillus stearothermophilus
tyrRS (70) and 55% identity to the N. crassa CYT-18 protein
(2, 13). These findings suggested strongly that we had cloned
the P. anserina mt tyrRS gene, and we designated this gene

ytsl. The first intron in the P. anserina gene is located in the
codon for Gly-83 at exactly the same position as the single
intron in the N. crassa cyt-18 gene. However, the two
introns have little sequence similarity and even the splice
site and branch point sequences appear to have diverged
somewhat (Fig. 3). The second intron in the ytsl gene is
located in the codon for Thr-230.
Comparison of YTS1 with other tyrRS protein sequences.

Figure 4 shows an amino acid sequence alignment between
the P. anserina YTS1 protein, the B. stearothermophilus
tyrRS protein, and the N. crassa CYT-18 protein. The
N-terminal 33 amino acids of the YTS1 protein and 32 amino
acids of the CYT-18 protein have the characteristics of a
mitochondrial targeting sequence (i.e., a preponderance of
basic and hydroxylated amino acids and no acidic amino
acids) (68, 69). In the case of the N. crassa CYT-18 protein,
N-terminal protein sequencing showed that the leader is
cleaved after Arg-32-Gly-33, which fits the consensus Arg-X
for a protein processing site in N. crassa mitochondria (33).
This sequence is conserved in the ytsl ORF and is likely to
correspond to the processing site.
The B. stearothermophilus tyrRS, whose structure has

been partially determined by X-ray crystallography, consists
of three domains: an N-terminal nucleotide-binding fold or
al/,3 domain (aa 1 to 220), an a-helical domain (aa 248 to 318),
and a C-terminal domain, required for binding the tRNA (aa
319 to 419) (4, 10, 11). The regions that are most strongly
conserved between the B. stearothermophilus tyrRS, the
YTS1 protein, and the CYT-18 protein are located in the a/,B
and a-helical domains (Fig. 4, 5; see Fig. 7). The YTS1 and
CYT-18 proteins contain a "HIGH" sequence, which has
been shown to be part of the ATP-binding site in bacterial
synthetases (Fig. 5A), as well as additional amino acids
identified in bacterial tyrRSs as being involved in binding of
ATP (e.g., B. stearothermophilus Asp-38, Thr-40, and Lys-
82) or tyrosine (e.g., Tyr-169, Gln-173, and Asp-176) (10, 43).
In the B. stearothermophilus tyrRS, a number of amino acids
involved in binding tRNATYr have been identified by analysis
of in vitro mutants (4, 5, 39). Figure 4 shows that the YTS1
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FIG. 4. Alignment of amino acid sequences of B. stearothermophilus (Bs) tyrRS, the N. crassa (Nc) CYT-18 protein, and the YTS1 protein
of P. anserina (Pa). Asterisks indicate identical amino acids; colons indicate conservative amino acid changes according to Miyata et al. (52);
solid arrowheads show the putative proteolytic cleavage sites of targeting sequences; and open arrowheads indicate the positions of introns.
Amino acids involved in binding tRNA (O), ATP (+), and tyrosine (0) in B. stearothermophilus tyrRSs are indicated. I, II, and III indicate
the three regions that are highly conserved only in the P. anserina and N. crassa mt tyrRSs, which function in splicing.

and CYT-18 proteins contain clear cognates of some (e.g., B.
stearothermophilus Arg-407 and Lys-410), but not all of
these amino acids (e.g., Asn-146, Trp-196, Arg-368, and
Lys-411).
Downstream of the putative nucleotide-binding fold, we

identified three regions (aa 309 to 326, 359 to 400, and 524 to
540) that are conserved in five different tyrRSs (Fig. 5B to
D). The region in Fig. SB includes amino acids that are in the
proximity of the CCA terminus of the tRNA in bacterial
tyrRSs, and the region in Fig. 5D contains amino acids
involved in binding tRNATYr (4). Interestingly, the tRNA
binding sequence RRGK (Fig. 5D) is located at the C termini
of the bacterial and yeast mt tyrRSs, but a cognate of this

sequence (RKGK) appears to be displaced by an insertion in
the YTS1 and CYT-18 proteins and is followed by an

additional segment of more than 100 amino acids.
In addition to sequences that are conserved in the bacte-

rial tyrRSs, the Podospora YTS1 and the N. crassa CYT-18
proteins have three additional sequence blocks (I, II, and III;
Fig. 4) that are conserved only between these two tyrRSs.
Region I (aa 35 to 77) corresponds to the idiosyncratic
N-terminal domain, which was shown previously to be
required for RNA splicing activity of the CYT-18 protein
(13). Regions II and III (aa 443 to 488 and 508 to 590 of
YTS1) are in the C-terminal domain, which is required for
both splicing and tyrRS activity of the CYT-18 protein (33),

Bs

Pa

Bs

Pa

Nc

Bs

Pa

Nc

Bs

Pa

Nc

Pa

Nc



BIFUNCTIONAL MITOCHONDRIAL SYNTHETASE FROM P. ANSERINA 505

A.
mt TyrRS P.a. 97 G A Y T G I D P T A P

mt TyrRS N.c. 96 I G A Y V G I D P T A P

mt TyrRS S.c. 86 I K L Y C G V D P T A Q

TyrRS B.s. 31 V T L Y C G F D P T A D

TyrRS E.c. 34A L CGF D P TAID

M 119

M 118

M 108

L 53

L 56

B.

t TyrRS P.a. 308 V G F T V P L L T D S A G V K F G K S A G N 329

mt TyrRS N.c. 309 V G F T V P L I T D S S G A K F G K S A G N 330

Ut TyrRS S.c. 289 F G I T V P L L T T A T G E K F G K S A G N 260

TyrRS B.s. 216 F G L T I P L V T K A D G T K F G K T E S G 237

TyrRS E.c. 221 FE L T V P L I T K A D T K F G K T E S G 242

c.

mt TyrRS P.a. 358 L K L F T F L P M EN I N E A K I H S E N P A R R V A Q H L L A F E V V G L V H G 399

Ut TyrRS N.c. 361 L K L F T F M P I S|E I T K T E E H I K D P S K R V A Q H T L A R E V V T L V H G 402

Ut TyrRS S.c. 340 L K I F T F L N S SE IIK K I V E T H I KS P|S L R Y Q T LIL AKIE VT D L G 381

TyrRS B.s. 267 L K Y F T F L S K E|E IE A L E Q E L R E A P E K R A|A Q K T L A E E V T KXL V H G 308

TyrRS E.c. 272 L K F F T F M S I E N A L E E E D K N S G K A P R Y V L A E Q V T R|L V H G 313

D.
mt TyrRS P.a. 524 [D jLLI L R K G KV Q I RVIE M V S 545

mt TyrRS N.c. 532|I|N G|N L L I L R K G K H N V R V I Q M V S 553

mt TyrRS S.c. 472 ID DR V L|I L R G K Q K C F|I I|E M R - 492

TyrRS B.s. 399ILIEKG RIF T|V I R R G K K KY YIL IIR Y A 419

TyrRS E.c. 404 F R F T L L R R G K K N Y C L C W K - 424

FIG. 5. Alignment of conserved sequences from different tyrRSs. TyrRS sequences compared are from P. anserina mitochondria (P.a.)
(this work), N. crassa mitochondria (N.c.) (2), S. cerevisiae mitochondria (S.c.) (31), B. stearothermophilus (B.s.) (70), and E. coli (E.c.) (3).
(A) Region containing the HIGH sequence; (B and C) conserved regions downstream of the nucleotide-binding fold; (D) C-terminal region
containing the R(R/K)GK motif. Boxes enclose regions that contain identical or related amino acids (52) in at least four of the proteins.

and region III surrounds the short sequence identified above
as a potential cognate of the RRGK sequence involved in
tRNA binding in the bacterial tyrRSs.

Other characteristics of the ytsl gene. As found frequently
for other fungal genes, the region up to -200 nt from the
ATG codon of the ytsl gene lacks good matches for the
TATA or CAAT sequences characteristic of promoters in
higher eukaryotes, and the 3'-flanking region lacks a good
match for the AATAAA sequence comprising part of a
polyadenylation signal (28). The codon usage in the ytsl gene
shows biases similar to those reported for other genes of
filamentous fungi (e.g., preference for a pyrimidine, espe-
cially C, in the third position and preference for G over A if
a purine is used in the third position). However, these biases
are not very strong and rare codons, such as AGN or UCA,
are relatively frequent. The N. crassa genes encoding the mt
tyrRS, mt leuRS, and mt valRS also show only moderate
codon biases (2, 14, 35).
ytsl+ complements N. crassa mutant cyt-18-2. The P. anse-

rina ytsl + gene was tested for its ability to transform the N.
crassa cyt-18-2 mutant, which has temperature-sensitive
defects in both splicing and aminoacylation leading to im-

paired growth at temperatures above 37°C (2, 46). In these
experiments, the cyt-18-2 mutant was cotransformed with
plasmids containing the ytsl + or cyt-18+ genes (pBP6 or
p337, respectively) plus pBML to provide BmF as a second
selectable marker. cyt-18+ Bmlr transformants were scored
for the ability to grow at 38.5°C on medium containing
benomyl. In N. crassa, most transformants result from the
integration of transforming DNA at ectopic chromosomal
locations and are not dependent on extensive homology
between the transforming DNA and the chromosomal target
(23). pBP6, which contains the ytsl + gene, efficiently trans-
formed the cyt-18-2 mutant, as judged by the ability to
restore wild-type like growth at 38.5°C (Table 1).
The cyt-18-2 mutant used as the host in the transformation

experiments accumulates unspliced 35S pre-rRNA and is
grossly deficient in cytochromes b and aa3, as expected for
a deficiency in mitochondrial protein synthesis. As shown in
Fig. 6, transformants obtained with pBP6 had wild-type mt
RNA profiles and cytochrome spectra similar to those of
wild-type 74A, indicating that the ytsl + gene rescued both
the splicing and aminoacylation defects in the mutants. The
ability of the P. anserina ytsl + gene to transform the N.

S L H I G H L L P L

,S L H V G H L L P L

!S L H L G[ L V P L

IS L H I G H L I

>S L H L G H L V P L
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TABLE 1. Transformation of the cyt-18-2 mutant with the
cloned ytsl + genea

No. of transformants (avg t

Plasmid(s) SD) at:
250C 38.50C

pBP6 (ytsl+) + pBML (BmF) 7,080 ± 32 3,113 ± 42
p337 (cyt-18+) + pBML (BmF) 4,187 ± 66 1,340 ± 29
pBML (BmF) 1,760 ± 41 0
None 0 0

a cyt-18-2 spheroplasts were cotransformed with either the ytsl+ gene
(pBP6) or the cyt-18+ gene (p337) plus plasmid pBML, which contains the N.
crassa Bmt gene. Transformed spheroplasts were plated at 25 or 38.5°C in the
presence of benomyl, as described in Materials and Methods. Transformation
frequencies are averages +/- the standard deviations for five different exper-
iments. Transformation frequencies at 25°C are the number of transformants
per microgram of pBML. Transformation frequencies at 38.5°C are the number
of transformants per microgram of pBP6 DNA or p337 DNA, respectively.

crassa mutant at a high frequency, without prior modifica-
tion of the promoter, RNA splicing, or polyadenylation
signals, suggests that sequence elements required for effi-
cient expression of this gene are interchangeable between
the two fungi.

A. mtRNA

NipBP6-1 pBP6-2 rpBP6-3 pBP6-4 4P6

co °CI°n C1 S lU r C") T O 1!
<2 ~ i CN v I n -T qr C)t Nr e etvCi

Us C CNC1 Ci 4 *4 C N N N04C
NCN (v)

pre-LrRNA-

LrRNA -

SrRNA-

Carboxy terminus of YTS1 is necessary for restoration of
synthetase activity but not splicing activity. In order to
investigate the function of the C terminus of the YTS1
polypeptide, we constructed a series of plasmids with pro-
gressively larger truncations of the C terminus of the ORF
and tested them for the ability to transform the cyt-18-2
mutant (Fig. 7). In each experiment, we compared the
transformation frequencies of the deletion clones with those
of the full-length clone, pBP6, and individual transformants
were characterized with respect to the cytochrome spectrum
and mtRNA profile (Fig. 6). Transformants of plasmids
pBP6-1 and pBP6-2, which were unable to complement the
cyt-18-2 mutant, were identified among benomyl-resistant
transformants grown at 25°C by Southern hybridization, by
using 32P-labeled ytsl plasmid to detect integrated ytsl
sequences (not shown). As shown in Fig. 7, truncations that
remove progressively more amino acids from the C terminus
of the ORF resulted in progressively lower transformation
frequencies, with a truncated gene encoding 358 aa of the
ytsl ORF unable to transform the cyt-18-2 mutant.
The ability of the ytsl gene to rescue the splicing defect is

indicated by the ratio of unspliced 35S pre-rRNA to mature
large rRNA in the transformants grown at 37°C. Transfor-
mants obtained with plasmid pBP6, which contains the

B. Cytochrome spectra

550560 605 nm

-35S

-25S

-19S

74 A

pBP6

pBP6-4

pBP6-3

pBP6-2

pBP6-1

cyt-18-2

FIG. 6. Analysis of mtRNAs and cytochrome spectra of transformants of the N. crassa cyt-18-2 mutant. (A) Gel electrophoretic analysis
of whole mtRNA from wild-type 74A, mutant cyt-18-2, and cyt-18-2 transformants obtained with indicated plasmids. All strains were grown
at 37°C. MtRNA was isolated, denatured with glyoxal, and analyzed by electrophoresis in a 1.4% agarose gel (48). (B) Cytochrome spectra
of strains 74A and cyt-18-2 and transformants obtained with plasmids pBP6 (transformant 3.1.3), pBP6-4 (transformant 2.4.4), pBP6-3
(transformant 2.3.2), pBP6-2 (transformant 2.2.9), and pBP6-1 (transformant 2.1.15). The peaks at 550, 560, and 605 nm are the a peaks of
cytochromes c, b, and aa3, respectively.

MOL. CELL. BIOL.



BIFUNCTIONAL MITOCHONDRIAL SYNTHETASE FROM P. ANSERINA 507

nucleotide-binding fold

I

tRNA-binding

m

Go 36 77 146
100

PBP6-12
pBP6-2

237 289 1 402 443 90 641
309 508 542

--

246

transformants/
^9 DNA

] 358
pBP2-29 -C
pBP2-55 -C
pBP2-45{-C

3 386
) 413

1 444
pBP6-3 -c 3 468
pBP6-4 -C
pBP6 -c

] 578

6 (0.2%)
46 (2.3%)
122 (5.0%)

423 (15.5%)
987 (35.1%)
3022 (100%)

FIG. 7. Map of the ytsl ORF and transformation of the N. crassa cyt-18-2 mutant with ytsl genes having C-terminal truncations. The map
of the ytsl ORF is shown at the top. Nucleotide-binding fold and tRNA-binding domains identified by sequence comparison with the B.
stearothermophilus and E. coli tyrRSs are indicated. The striped area is N-terminal mitochondrial targeting sequence; regions conserved in
YTS1 and the bacterial tyrRSs are shown in black (50% or more identity) or gray (20% or more identity); regions conserved only between
YTS1 and CYT-18 proteins are dotted. The first and last amino acids of different regions are indicated. Constructs used for transformation
experiments together with the number of encoded amino acids are shown below. Percent values indicate transformation frequencies of the
construct relative to that of the full-length clone in the same experiment. Data are mean values of nine (pBP6 and pBP6-1, -2, -3, and -4) or
five (pBP2-29, -45, and -55) transformation experiments.

complete ytsl+ gene, and three of five transformants ob-
tained with plasmid pBP6-4, which has a truncation of 63 aa,
had essentially wild-type mtRNA profiles, with no detect-
able accumulation of unspliced 35S pre-rRNA (Fig. 6). The
remaining pBP6-4 transformant also showed substantial
amelioration of the splicing defect, as judged by decreased
amounts of 35S pre-rRNA relative to the mutant. Transfor-
mants with pBP6-3, which lacks 173 aa at the C terminus of
the ORF, appeared to be partially restored for splicing,
whereas transformants obtained with plasmids having larger
truncations generally showed greater amounts of unspliced
35S pre-rRNA. The finding that different transformants
obtained with the same plasmid show some variability in
phenotype is not uncommon for filamentous fungi and may
reflect different levels of expression of the ytsl gene due to
different ectopic locations and/or different copy numbers
resulting from multiple integrations or the generation of long
tandem repeats at the integration sites (23).

Representative cytochrome spectra of transformants are
shown in Fig. 6B. Only transformants obtained with the
whole gene clone, pBP6, had wild-type cytochrome spectra.
Transformants obtained with plasmids having C-terminal
truncations had progressively lower ratios of cytochromes b
and aa3 relative to cytochrome c. Interestingly, transfor-
mants obtained with pBP6-4, which were completely re-
stored for splicing of the large rRNA intron, had concentra-
tions of cytochrome b and aa3 that were only about 50% that
of the wild-type concentration. The inability to fully restore
wild-type levels of cytochrome aa3 in these pBP6-4 transfor-
mants is most likely to be due to a deficiency in protein
synthesis and not defective splicing, since the genes encod-
ing the three mitochondrially synthesized subunits of cy-
tochrome aa3 do not contain introns in this strain of N.
crassa (15). Barring some currently unknown intron in a
gene required for mitochondrial protein synthesis, the most

likely possibility is that the C-terminal 63 aa of the YTS1
protein are required to completely rescue the defect in
protein synthesis but not the defect in RNA splicing. One
possible explanation is that sequences near the C terminus of
the protein are required for aminoacylation, but not splicing.
However, an alternative explanation is that the truncated
YTS1 protein forms heterodimers with the resident N.
crassa cyt-18-2 mutant protein, and these heterodimers are
more active in splicing than aminoacylation. It has been
shown previously that B. stearothermophilus tyrRS proteins
having mutations in different regions can complement each
other via formation of heterodimers (5).
YTS1 protein synthesized in E. coli is active in splicing. To

test directly whether the YTS1 protein can function in
splicing group I introns, we expressed functional YTS1
protein in E. coli. A plasmid designated pT7-ytsl, which
contains a cDNA analog of the ytsl gene cloned downstream
of the bacteriophage T7 gene 410 promoter, was constructed
by PCR techniques and expressed in E. coli as described in
Materials and Methods. After induction, immunoblots of E.
coli lysates probed with anti-CYT-18 antibody showed a
band of the expected size, approximately 70 kDa, which was
not present in uninduced cells (not shown). For unknown
reasons, the yield of YTS1 protein was relatively low com-
pared with that of CYT-18 protein synthesized in E. coli (see
Materials and Methods).
The YTS1 protein synthesized in E. coli BL21::DE3

(pLysS) was partially purified by heparin-Sepharose chro-
matography and used for in vitro splicing assays, essentially
as described for the N. crassa CYT-18 protein synthesized in
E. coli (33). Splicing was assayed by using a 698-nt in vitro
transcript from pHX9422, which contains a 583-nt derivative
of the N. crassa mt large rRNA intron along with flanking
exons. This transcript, which is not self-splicing, was incu-
bated with column fractions containing YTS1 protein and

taLo:
I I 9 I I I I 5
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FIG. 8. The YTS1 protein splices a group I intron in vitro.
Splicing was assayed by using a 698-nt in vitro transcript from
plasmid pHX9422, which contains a 583-nt derivative of the Neu-
rospora mt large rRNA intron. The transcript was incubated with E.
coli-synthesized YTS1 or CYT-18(pEX550) protein in the presence
of a-[32P]GTP in reaction media containing different MgCl2 concen-
trations. Splicing is indicated by the appearance of [32P]GTP-labeled
bands of 584 and 634 nt corresponding to the intron (I) and intron-3'
exon intermediate (I-3'E). The precursor RNA band (P) is also
labeled because of a putative end-labeling activity in the protein
preparations from E. coli (33). This activity is more pronounced in
the YTS1 preparation because of overloading of the column neces-
sary to obtain sufficient YTS1 protein to detect splicing activity. As
discussed previously, however, only part of the activity could be
reproducibly separated from the E. coli-synthesized CYT-18 pro-
tein, and the remainder may be associated with the protein or the
intron RNA (33).

[32P]GTP in reaction media containing different concentra-
tions of Mg2 , and products were compared with those
obtained by using the N. crassa CYT-18 protein. As shown
in Fig. 8, the YTS1 protein was in fact capable of splicing the
N. crassa mt large rRNA intron, as judged by the appear-
ance of [32P]GTP-labeled bands of 584 nt, corresponding to
the excised intron, and 634 nt, corresponding to the splicing
intermediate resulting from GTP-dependent cleavage at the
5' splice site. As in the case of the N. crassa CYT-18 protein,
the maximum extent of splicing was found between 5 and 10
mM Mg2+ (33). No splicing was observed in the absence of
the column fraction or with comparable column fractions
from E. coli that does not express YTS1 protein (33; results
not shown). These results provide direct evidence that the
YTS1 protein is capable of splicing a group I intron.

DISCUSSION

Our results show that the P. anserina mt tyrRS, like the N.
crassa mt tyrRS, is capable of splicing group I introns. The
P. anserina ytsl + gene transforms the N. crassa cyt-18-2
mutant and rescues both the splicing and aminoacylation
defects, and the YTS1 protein expressed in E. coli splices
the N. crassa mt large rRNA intron in vitro. The cyt-18-2
mutant is defective in splicing not only the mt large rRNA
intron but also a number of additional group I introns in mt
mRNAs (15, 46). The finding that transformants of the
cyt-18-2 mutant obtained with the ytsl + gene have wild-type
cytochrome spectra and RNA profiles suggests that the
YTS1 protein also functions in splicing these other group I
introns in N. crassa mitochondria. On the basis of our
results, it seems likely that the YTS1 protein functions as
well in splicing group I introns in P. anserina mitochondria,

and this can now be tested by gene replacement experi-
ments, by using a mutant ytsl gene that carries the cyt-18-2
temperature-sensitive mutation. As in N. crassa, the pres-
ence of a mt tyrRS that functions in splicing a number of
different group I introns may provide a means of coordi-
nately regulating the mitochondrial genes containing these
introns.
The finding that the efficient transformation of the N.

crassa cyt-18-2 mutant by the P. anserina ytsl + gene did not
require modification of the promoter, splicing, or polyade-
nylation signals suggests that sequence elements required for
expression of the mt tyrRS gene are functionally similar in
the two fungi. If this is generally true, it may be possible to
isolate many additional P. anserina genes directly by trans-
formation of the corresponding N. crassa mutants.
The P. anserina ytsl gene is the third mt tyrRS gene

whose sequence has been determined. Interestingly, the P.
anserina gene contains two introns, the N. crassa gene
contains one intron, and the yeast mt tyrRS gene contains no
introns. The first intron in the P. anserina gene is located at
the same position as the single intron in the N. crassa cyt-18
gene, immediately downstream of the idiosyncratic N-termi-
nal domain required for splicing activity. This location raises
the possibility that the N-terminal domain was acquired by
exon shuffling after the divergence of the common ancestor
of N. crassa and P. anserina from S. cerevisiae. Despite
being at the same location, however, the N. crassa and P.
anserina introns have minimal sequence homology and have
presumably diverged to a greater extent than the surround-
ing protein coding sequences.
The second intron in the ytsl gene is located in a region

encoding a connecting peptide, CP1, which separates the
two halves of the nucleotide-binding fold (11). The amino
acid sequence in this region is highly conserved between the
N. crassa and P. anserina tyrRSs but not in the other
tyrRSs. Since other amino acyl-tRNA synthetases do not
contain an intron in this region, it seems likely that the intron
was acquired recently by the P. anserina gene. Otherwise, it
would be necessary to postulate that the intron was lost
independently from other tyrRs but was for some reason
retained in P. anserina.
The P. anserina and N. crassa tyrRSs are the only two

that are known to function in splicing. The E. coli tyrRS is
not capable of splicing the N. crassa mt large rRNA intron in
vitro, and deletion mutants in the yeast mt tyrRS are not
defective in splicing the mt large rRNA intron in yeast cells
(41). In addition to regions that are conserved between all
tyrRSs and are presumably related to tyrRS function, the N.
crassa and P. anserina mt tyrRSs have three additional
regions, one at the N terminus and two toward the C
terminus, that are conserved only between these two tyrRSs
(Fig. 4 and 7, top). The N-terminal domain (designated I)
was shown previously to be required for splicing, but not for
aminoacylation of E. coli tRNATYr (13). Comparison of this
region in the P. anserina and N. crassa proteins shows
conservation of a number of basic amino acids, which might
be involved in RNA binding, as well as other amino acids
identified as being functionally important by analysis of
second site revertants (Phe-71 and Ala-81) or mutated pro-
teins (Gly-38-Tyr-41) (13).
The other two regions that are conserved only between the

P. anserina and N. crassa mt tyrRSs, designated II and III,
correspond to aa 443 to 488 and 508 to 590 of the YTS1
protein. The first region has no detectable similarity to
bacterial tyrRSs or yeast mt tyrRS, whereas the second
region is centered around a small stretch (18 aa; Fig. SD) that
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is also conserved at the C termini of the bacterial and yeast
mt tyrRSs and has been implicated in tRNA-binding in the B.
stearothermophilus tyrRS (4, 5). The functional importance
of regions II and III is supported by analysis of a limited
number of in vitro mutants of the N. crassa CYT-18 protein
synthesized in E. coli (33). Thus, C-terminal truncations that
extend into region III and a four-amino-acid insertion after
aa 470 in region II completely abolished both splicing and mt
tyrRS activity, and a single amino acid deletion, Asn-544 in
region III abolished mt tyrRS activity and strongly inhibited
splicing activity. By contrast, a four-amino-acid insertion in
a relatively nonconserved part of the C-terminal region of
the CYT-18 protein (Tyr-417) had no substantial effect on
either activity (33).

In the present work, transformation of the N. crassa
cyt-18-2 mutant with truncated ytsl plasmids pBP6-4 and
pBP6-3 completely or partially restored splicing activity,
even though pBP6-4 deletes part of region III and pBP6-3
deletes all of region III and part of region II. These findings
could indicate that sequences in regions II and III are not
required for splicing in vivo, despite being required in vitro
in the N. crassa protein (33). However, an alternate inter-
pretation is that the YTS1 protein forms functional het-
erodimers with the resident mutant CYT-18 protein and that
only one subunit in the heterodimer needs to retain these
sequences. As indicated previously, E. coli tyrRS polypep-
tides having mutations in different regions of the protein
have been shown to complement via the formation of het-
erodimers (5).
The finding that splicing activity of the N. crassa and P.

anserina mt tyrRSs may depend on three uniquely shared
regions not found in other tyrRSs raises the question of how
these regions were acquired or differentiated from other
tyrRSs. The presence of the idiosyncratic N-terminal do-
main in the N. crassa and P. anserina mt tyrRSs, but not in
bacterial or S. cerevisiae mt tyrRS, suggests that it was
acquired after the divergence of the common ancestor of
Neurospora and Podospora spp. from S. cerevisiae (13). The
alternate possibility, that this domain was present in the
ancestral tyrRS, would require the uneconomical assump-
tion that it was lost separately from the bacterial and S.
cerevisiae mt tyrRSs. A similar argument could be made for
regions II and III toward the C terminus of the protein.
However, because these regions are also required for tyrRS
activity, it is also possible that their conservation in N.
crassa and P. anserina reflects some feature of the interac-
tion with tRNATYr which has diverged in other organisms.

Proteins involved in splicing group I and group II introns
are idiosyncratic in different organisms and include not only
aminoacyl-tRNA synthetases, but also other host proteins
that function in protein synthesis (41). In S. cerevisiae, the
mt tyrRS does not appear to be capable of functioning in
splicing, but the mt leuRS functions in splicing two specific
group I introns, apparently acting in concert with a maturase
encoded by these introns (30). In other organisms and
perhaps also in other organelles, such as chloroplasts, the
role played by the N. crassa and P. anserina mt tyrRSs in
splicing may be filled by other aminoacyl-tRNA synthetases
or different host RNA-binding proteins. Alternatively, some
feature of the tyrRS may make it more readily adaptable to
function in splicing.
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