Mitochondrial RNase P RNAs in ascomycete fungi:
Lineage-specific variations in RNA secondary structure
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ABSTRACT

The RNA subunit of mitochondrial RNase P (mtP-RNA) is encoded by a mitochondrial gene (rnpB) in several ascomycete fungi
and in the protists Reclinomonas americana and Nephroselmis olivacea. By searching for universally conserved structural
elements, we have identified previously unknown rnpB genes in the mitochondrial DNAs (mtDNAs) of two fission yeasts,
Schizosaccharomyces pombe and Schizosaccharomyces octosporus; in the budding yeast Pichia canadensis; and in the archi-
ascomycete Taphrina deformans. The expression of mtP-RNAs of the predicted size was experimentally confirmed in the two
fission yeasts, and their precise 5’ and 3’ ends were determined by sequencing of cDNAs generated from circularized mtP-RNAs.
Comparative RNA secondary structure modeling shows that in contrast to mtP-RNAs of the two protists R. americana and N.
olivacea, those of ascomycete fungi all have highly reduced secondary structures. In certain budding yeasts, such as Saccha-
romycopsis fibuligera, we find only the two most conserved pairings, P1 and P4. A P18 pairing is conserved in Saccharomyces
cerevisiae and its close relatives, whereas nearly half of the minimum bacterial consensus structure is retained in the RNAs of
fission yeasts, Aspergillus nidulans and Taphrina deformans. The evolutionary implications of the reduction of mtP-RNA
structures in ascomycetes will be discussed.
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INTRODUCTION mon ancestral RNA. The in vitro activity of P-RNAs in the
RNase P is a ribonucleoprotein (for exceptions, see below) absence of a protein component has been demonstrated in
that is universally present in eubacteria, archaebacteria, and =~ DUMEToOUs instances (Guerrier-Takada et al. 1983; Gardiner
eukaryotes, as well as in mitochondria and chloroplasts. It~ €t al. 1985; Wagner et al. 2001). Nevertheless, the single
participates in the processing of tRNAs, 4.5 S RNAs, and  ¢ubacterial protein component of RNase P (P-protein) is
other small RNAs, by endonucleolytic removal of 5’ leader essential for the enzymatic activity in vivo. It has been sug-
sequences from RNA precursors (Peck-Miller and Altman  gested that the protein participates in formation of an ac-

1991). tive-site architecture, by interacting with the 5’ leader of
The RNA subunits of eubacterial RNase P (P-RNA) have ~ tRNAs (Crary et al. 1998), and that it increases the catalytic
been intensely studied and are currently best understood. ~ actvity of RNase P by acting as an electrostatic shield be-

Escherichia coli P-RNA is essential for the enzymatic activity ~ tween the negatively charged P-RNA and tRNAs (Guerrier-
in vivo and is the only subunit necessary for activity in vitro ~ 1akada et al. 1983; Gardiner et al. 1985; Christian et al.
(Stark et al. 1978; Kole and Altman 1981; Guerrier-Takada ~ 2002). The P-protein also broadens the substrate specificity
et al. 1983). Comparisons of all known P-RNAs have re-  of RNase P, by enhancing its affinity for non-tRNA sub-
vealed significant primary and secondary structure similari- ~ Strates. For example, 4.5 S RNA and C4 RNA precursors are
ties, indicating that these molecules evolved from a com- processed more efficiently by a P-RNA/P-protein complex
than by P-RNA alone (Peck-Miller and Altman 1991; Hart-
mann et al. 1995).
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inactive without their protein partner (see Brown and Haas
1995). However, the P-RNAs of Methanobacteria, Thermo-
cocci, and Halobacteria do have catalytic activity under ex-
treme ionic conditions (Pannucci et al. 1999). In fact, de-
letion mutants show that the structural elements missing in
archaeal P-RNAs are also dispensable for in vitro catalysis
by the E. coli RNA molecule (Darr et al. 1992; Haas et al.
1994). Although archaebacterial P-RNA structures resemble
those of eubacteria, the archaeal holoenzyme is much larger.
It has at least four protein subunits that appear to be ho-
mologs of the eukaryotic P-proteins (Hall and Brown 2002).

Eukaryotic nuclear P-RNAs have been investigated in de-
tail in ascomycete fungi and in animals. They have no cata-
lytic activity in vitro and, as in archaebacteria, consist of an
RNA subunit and several proteins, at least nine in yeast and
10 in human (Gopalan et al. 2002; Guerrier-Takada et al.
2002). A secondary structure model of the eukaryotic P-
RNA conforms convincingly to the bacterial consensus
structure with only minor deviations (Chen and Pace 1997;
Frank et al. 2000). In plants, RNase P has been purified, and
a P-RNA component has been suggested based on the sen-
sitivity of the carrot RNase P activity to micrococcal nucle-
ase treatment (Franklin et al. 1995). Although the nuclear
RNase P from wheat is resistant to nuclease treatment, its
density and its low isoelectric point also indicate the pres-
ence of a P-RNA subunit (Arends and Schén 1997). In fact,
RNase P from rat liver (Jayanthi and Van Tuyle 1992) and
the archaebacterium Sulfolobus solfataricus (Darr et al.
1990) resist micrococcal nuclease treatment but do contain
a P-RNA subunit (Altman et al. 1993; Harris et al. 2001).
This indicates that the RNA subunit is protected from di-
gestion by P-proteins.

Mitochondria and chloroplasts contain distinct, organ-
elle-specific RNase P activities. The analysis of organellar
P-RNAs has been complicated by the patchy occurrence of
the rnpB gene, both in chloroplast and mitochondrial DNAs
(mtDNAs). The chloroplast-encoded P-RNA of Cyanophora
paradoxa folds into a Cyanobacteria-like secondary struc-
ture (in agreement with the cyanobacterial origin of chlo-
roplasts) and is essential for RNase P activity (Baum et al.
1996; Pascual and Vioque 1999). Chloroplast DNA (cpDNA)-
encoded rnpB genes have been found only in the green alga
Nephroselmis olivacea (Turmel et al. 1999), the red algae
Porphyra purpurea (Reith and Munholland 1995), and
Cyanidium caldarium. We identified the latter, previously
unrecognized rnpB gene, at positions 99,959-100,305 of
GenBank record AF022186, (Glockner et al. 2000). All other
known cpDNAs do not seem to encode a P-RNA. A recent
prediction of a maize chloroplast rnpB gene (Collins et al.
2000) is based on rather weak secondary structure similari-
ties to known homologs, does not consider otherwise highly
conserved primary sequence motifs, and has not been con-
firmed experimentally. Inferences that do not take primary
sequence conservation into account are compromised be-
cause A+T-rich chloroplast sequences can fit almost any
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given consensus structure and are, therefore, of little pre-
dictive value. Moreover, several biochemical studies indicate
that chloroplast RNase P (cpRNase P) may not contain an
organelle coded P-RNA. For instance, spinach cpRNase P ac-
tivity resists micrococcal nuclease treatment and has physical
properties consistent with the presence of a protein-only en-
zyme. These characteristics indicate that spinach cpRNase P is
indeed a protein-only enzyme (Thomas et al. 2000).

Mitochondrial RNase P activities have been studied in
various yeasts (see below), the ascomycete fungus Aspergil-
lus nidulans (Lee et al. 1996a), human (Doersen et al. 1985;
Rossmanith and Karwan 1998; Puranam and Attardi 2001;
Rossmanith and Potuschak 2001), Trypanosoma brucei (Sa-
lavati et al. 2001), potato (Marchfelder and Brennicke
1994), wheat (Hanic-Joyce and Gray 1990), and carrot
(Franklin et al. 1995). The most detailed information on the
biochemical and genetic properties of mitochondrial RNase
P (mtP-RNA) is available for Saccharomyces cerevisiae. Its
RNA subunit was first identified as a mitochondrially en-
coded molecule by analyzing yeast mitochondrial mutants
deficient in mitochondrial tRNA processing and protein
synthesis (Miller and Martin 1983; Underbrink-Lyon et al.
1983). The unusually large protein subunit has been shown
to be nucleus-encoded (Morales et al. 1992; Dang and Mar-
tin 1993).

Additional rnpB genes have been identified by sequence
similarity in mtDNAs of numerous budding yeasts (T. gla-
brata, Clark-Walker et al. 1985; Saccharomycopsis fibuligera,
Wise and Martin 1991a; Kluyveromyces lactis, Wilson et al.
1989; Saccharomyces exiguus, Wise and Martin 1991b; Sac-
charomyces douglasii; Ragnini et al. 1991; Saccharomyces
chevalieri, Saccharomyces ellipsoideous, and Saccharomyces
diastaticus, Sbisa et al. 1996; and Saccharomyces castellii,
Petersen et al. 2002), the protist Reclinomonas americana
(Lang et al. 1997), and the prasinophyte green alga N. oli-
vacea (Turmel et al. 1999), but not in the mtDNAs of plants,
animals, a great number of protists, or nonascomycete fungi
(Lang et al. 1999). From an evolutionary standpoint, it is
puzzling that the occurrence of mitochondrially encoded
rnpB genes is so patchy. Have these genes been lost from the
mtDNAs of plants, animals, most fungi, and protists, or do
we fail to identify them because they are so extremely de-
rived? In fact, highly derived, extremely A+U-rich mtP-
RNAs are characteristic in yeast. Consequently, predictions
of yeast mtP-RNA secondary structures are difficult, despite
the availability of comparative data. In addition, the drastic
size variations of these RNA molecules obscure the identi-
fication of RNA secondary structure elements (Wise and
Martin 1991a). For example, the respective lengths of pre-
dicted mtP-RNAs are 423 nt for S. cerevisiae (Stribinskis et
al. 1996), 227 nt for Torulopsis glabrata (Shu et al. 1991),
and as short as 140 nt for Saccharomycopsis fibuligera (Wise
and Martin 1991a).

The mitochondrially encoded mtP-RNA of the protist
Reclinomonas americana was the first identified to contain
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all structural elements defined in the eubacterial P-RNA
consensus structure (Lang et al. 1997). Its features served as
a hallmark for reanalyzing the mtP-RNA secondary struc-
ture of A. nidulans. This analysis reveals a secondary struc-
ture that is substantially more similar to both the Re-
clinomonas mitochondrial and to the eubacterial consensus
(Martin and Lang 1997) than to the previously published
model (Lee et al. 1996b). In this article, we present the
results of our ongoing efforts to identify ascomycete rnpB
genes, and to infer their RNA secondary structures by com-
parative phylogenetic modeling. We provide evidence that
the mitochondrial rnpB genes have been lost several times
independently in fungi.

RESULTS

Search for ascomycete mitochondrial rnpB genes

To identify previously unrecognized, possibly highly de-
rived rupB genes in fungal mtDNAs, we used two equally
productive in silico procedures. The more straightforward
of the two was based on sequence pattern recognition (PERL
regular expression matching), including the most conserved
rnpB sequence motifs CRI and CRV (GGAAAGTC...50—
500 nt...ACANAANNNNGCTTAT; Fig. 1; Chen and Pace
1997). Potential deviations from the consensus sequence
were explored by gradually changing the primary sequence
motifs, and subsequently, all matches were validated by
folding of the highly conserved P4 helix (Fig. 2A,B).
Only those candidate rnpB sequences that fall into a non-
coding region of a given mtDNA were further investigat-
ed. The second approach used the dedicated pattern match-
ing tool, RNAMOT (Laferriére et al. 1994), which searches
for both sequence similarity and RNA secondary struc-
ture folding. Because this program does not allow errors,

possible deviations from the consensus sequence were
also explored by systematic changes of the sequence de-
scriptor. All publicly available fungal mtDNAs were ana-
lyzed accordingly.

Significant CRI and CRV matches turned up for the three
known rnpB genes in S. cerevisiae (Miller and Martin 1983),
S. castellii (Petersen et al. 2002), and A. nidulans (Lee et al.
1996a), and four new candidates emerged in Pichia
canadensis (Sekito et al. 1995), Schizosaccharomyces pombe
(Lang et al. 1983), Schizosaccharomyces octosporus (Buller-
well et al. 2003b), and Taphrina deformans, a fungus clas-
sified within Archiascomycota (or Taphrinomycetales, ac-
cording to the National Center for Biotechnology Informa-
tion [NCBI] nomenclature). Sequence alignments are
shown in Figure 1. However, we failed to detect mito-
chondrial rnpB genes in six other ascomycetes and in all
basidiomycete and chytridiomycete fungi for which com-
plete, or near-complete, mtDNA sequences are available
(Table 1), even at search pattern stringency close to back-
ground levels.

Modeling of fungal mtP-RNA secondary structures

Fungal mitochondrial rnpB genes, including those newly
identified, vary considerably in size and primary sequence.
In addition, most are exceedingly rich in A and T, which
makes RNA modeling an intricate task. It requires substan-
tial comparative sequence information to determine a bio-
logically meaningful solution among the many alternative
structure predictions. To deal with the dilemma that in the
absence of primary sequence conservation, A+T-rich se-
quences can be fitted to any given consensus structure, we
have based our predictions on three criteria, namely, simi-
larity to (1) the bacterial minimum consensus structure, (2)
the universally conserved motifs in bacterial P-RNAs, and
(3) the secondary structure models of R.

americana and A. nidulans mtP-RNA.
From studies of eubacterial P-RNAs,

Species CR I CR IV CR V

B.coli GAGGAAAGUCCGEGEC (250) CUNGAUGARNIGATT  {6) GACAGAA-CCCHEGCUUAL
R.prowszekii GAGGAAAGUCUGGAC(201) CURAGAUAMADAACU (18 ) GACAGAA-UCCGECUUAL
R, americana UAGGAMAGUCUGEAC {193) CCAGAGAARDAGHC (28 ) GACAANAA-UCCAGCUUAD
N.olivacea AMGGAMGUCTHEEGC {21 8) UCAGAURANDGAGC {29) GACAAAR-CCCAGCUUAG
A . nidulans AAGGARMGUCCGACA {12 4) UUAGAAUUADARAS (8) AMCAGAR-ACCUGCUUAA
T. deformans  ARGGAMGUCCOGGA{211) UMAGARCRAGUGUA {12) AMCAYAR-UCCEGCUUAD
8. pombe UVUGGARMAGUULGGAL {135) UUTLAGUAADUUCE  (5) AMCAGAR-UCCAUCUUAL
5. octosporus AUGGAAAGUUUGGAA {31)UUUAAGURAUUUCA (3)UACAUAA-UCCAUCUUAU
L. cerevisiae UAMGGAAAGUCAUAAA {33.5) AUAGLUAURNDUATC (1) UACAGAA-ALAUGCUUAA
S.castellii  ARGGAMAUCAUAUA {37 %) UAAGUUAUAUARAL (3) AMCACAN-CUAUGUUUAA
8. exdguus AAGGAAAGUCAUAAL { 20:7) ACAGUUAUVADAUTU (1) AACASAR-AUAUGCUUAU
T glabrata ARGAMAAGUCAUAAA{150) AUAGUUNIADAAUA (U) UACAUAA-AUAAGCUUAU
S, fibuligers UVAGGAAAGUCAUMAA no match {81 ) AACUAAA-UUALGCUUALU
K, lactis UAGG-AAGUCAUAUU {100) AUUGRAAUNANG—— {0) AAUAUAA-AUAUGCUUAU

P.canadensis

ARGCGAMAGUURUAAL (72) UBAGUUAMNURALA (0) ANCUAAAAAUAAGCUUAL

FIGURE 1. Alignment of the universally conserved regions (CRs) I, IV, and V. CRs of the
universally conserved nucleotides are in bold, following the analysis by Chen and Pace 1997.
Shaded nucleotides are conserved at >75%, in E. coli, R. prowazekii, and mitochondrial P-
RNAs. The numbers between brackets indicate the number of nucleotides that separate the

conserved regions.

it is known that the P1 and P4 helices
are the functionally most important re-
gions of this RNA molecule (i.e., most
sensitive to mutations; see the bacterial
consensus structure in Fig. 2A; Schlegel et
al. 1994). This is reflected by the presence
of the highly conserved mitochondrial
CRI and CRV motifs in all mitochondrial
rnpB sequences (Fig. 1), which together
fold into a P4 helix. In addition, here we
demonstrate for the first time that P1 is
also conserved in all known mtP-RNAs
(Fig. 2A,B), with the possible exception of
K. lactis, as discussed below. However,
several other helical regions that charac-
terize the bacterial consensus structure are
lost in mtP-RNAs, as outlined below.
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Budding yeast mtP-RNAs

To define a consensus RNA secondary structure model for
budding yeast mtP-RNAs, we performed a comparative
analysis of all available sequences, except those from .
chevalieri, S. douglasii, S. ellipsoideous, and S. diastaticus,
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because they are almost identical to the S. cerevisiae se-
quence.

In addition to the CRI and CRV motifs, we found
a potential, previously unrecognized CRIV motif
(AGNNNNAU; Figs. 1, 2A). Identification of this motif was
based on the assumption that a P2 helix would be absent in
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all yeast mtP-RNAs, such that it would be positioned di-  in Fig. 2B), the CRI motif has a deletion of a universally
rectly adjacent to the CRV motif. By using these criteria,  conserved A, and CRV has a U in the third position that is
CRIV motifs were found in all but the S. fibuligera and K. otherwise a C (Fig. 1). We confirmed the unconventional
lactis rnpB sequences (Figs. 1, 2B). In addition, in K. lactis  deletion of an A in the K. lactis CRI motif, by resequencing
the P1 helix is formed by only few base pairs (labeled “P1?”  the clone containing the rnpB gene. Although a transcript of

8
a

SEEn “®
B g Law uAU
t‘: AcRAUU, 2“ “5nt
¢ CUUAA A 390
A @ U (AAUA,
G| 11} UGCAUAUAUAUAUAY A
8| Saccharomyces A AGSUAU 64‘\' AUAUA
Schizosaccharomyces #oe JASY ‘a-mviriac : Ug AQH ‘U an
pombe [ suu‘wu\ a - & A ‘:
80-A g AAuuuuu A ]
Al 3 act” e O-ss0
a 1 (] e A
G futl A ¥
AUy s 4 u A
u UAALUCUU Soariiaag uu:\x AT Buauuay
0958 AMROY ] uuAIch'mﬂuAAu AUAAUAUUA F o
0-U-A GUUUAAGA t fixe uccuAGAAAg ™
= A-
=Y “ 4 w0
| 5 wfs
h g 0 m U a0
o T UuA UABARLCUBY = AUAUNAG
1t ,.uut'uwuw\&‘u A
A A
Uy CUACCUA
Au-llsm.u z?'
]
AAUUUAUAUAUAAY,
8 AR
Saccharomyces | & A auh
exiguus g u
JSont, Jull i A e
A
g o w—A 8
Ly R ] e
¥ DauAalyy y A g
) 5 uaAAuAU g,
5 L1y (Ill!llll Auuuu.
A o UAAUIAIIAUAIJAA
S 8 (o TOOABAAAAA"
Schizosaccharomyces . k'uAGG 3 "
oclosporiis a—gl\ o
POl S\ gt
Al u
& oucies
s ¥ AT Rtey
GAy e u []
. “u sl 8 A I
— AUGAAA u Uy 4
A R H A ffu ‘
§ mew, 8 Do Sty
“GAUU“ 3 A-u Saccharomyces A fUCkal AUGAUUAUA 4 u
n§-g castellii uy % g ue
2 A G
i " y-a 1 2 -1 y &
FAUAMUI;IUGHATI}JI‘IU?A kR 2 v A al®
\, (COCAAACUAUUARAY, < [ A
hudccﬂ- EY y » A ol
F AAAAUA - Uu cuaccula® 5 3 il
B Y *
ﬁ H 3 UAuAuAuAAuAuAuA
uU-A 66 UTUBUR cucﬂ“
A A
uaU
Av 480t ey
y u
A u
1] G
2 &
AAUA,
y 8- ¥ "zt
Khorveromyces lactis 4 a - u 150
ua A U‘jm‘h AAUAUAAUUAAUUAA
s o HGA’U?&UAAUU?‘ g Torulopsis glabi : UUAUAUUARUUAAUA’
4 “‘ i GUUUAUAUAUAAU, A g";;’f;fgb Ly ] N Pk
&a 008 U e uAVA‘ (Ca glabrata) "% u
u G A
A It - @
A a0 G~
2y Ta ae A §
u : & LA G s
[ I & su, | H 2-A H
Ay A UAAUAU
sua “uaua’ Aauas, Ty ¥ O
UAUAUGAUAUAL
A AU 4 AUAU, Py
FAAU L A A i £
P TucouAUAlAaY J"P Ju CGAAUAAAY
£ ;
ulhy
A ZBot u G
S a U
A% A 4 AT aR
o AAA ! uuu
cayh u’ = asuau® u‘
f‘ Y o A
‘A o Al -
A AUAUAUAAUU, A c
i UMI.IIA\'MUUM)" Fl ¢
- . “Al 5 e is A 1]
Pichia canadensis Ul a " u '3"""-(""""'-"“’1"5’-‘ e A
(Hansenula wingei) 3, Y U [fibuligera H 4
A a A A
§ | ¢l
G A w-c S
» 3 A ; m 5opa
UAUAUMAAUAUAGUAUAAUUAA UAAUAA’ AUA UAUUA uuucy u UAARAU,
AUAUAUUUHAUAUUAUAUUAAUUA m c HACUUAAAUAAUAAAUAAAUAAL y1s e
ye TTEGAATAA ARAY w T Ui COUAUUA AAY
(0
1 120

FIGURE 2. Minimum bacterial P-RNA consensus and mtP-RNA secondary structure models of R. americana and ascomycete fungi. (A) Positions
in red are invariant in the minimum bacterial consensus; uppercase letters in the mtP-RNAs indicate 100%, lowercase letters at least 90%,
conservation of the minimum bacterial consensus sequence. The conserved motifs CRI through CRV are indicated in blue. The arrows indicate
experimentally determined RNA extremities; arrow thickness is proportional to the percentage of molecules ending at this position. (B) mtP-RNA
secondary structures from nine additional ascomycetes. In the S. cerevisiae structure, nucleotides that co-vary with the Saccharomyces douglasii
sequence are in red circled letters. A putative promoter in S. fibuligera is highlighted in blue. Asterisks next to nucleotides in the P4 of S. pombe,
S. octosporus, C. glabrata, and P. canadensis indicate mispairs in these helices. Note that the Candida structure P1 helix can be further extended
by 9 to 12 bp from its mature ends. It is possible that the noncanonical A-G pair adjacent to the RNA processing sites in this mtP-RNA serves
as a signal for RNA maturation.
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TABLE 1. Occurrence and features of rnpB in complete fungal mtDNA sequences

mtDNA- P5,7,8,
Organismal group encoded rnpB* P2 P3 P15 P18 9,10,12 Accession #
Ascomycota (Euascomycota)
Aspergillus nidulans | | O | O | 2
Hypocrea jecorina O NC_003388
Neurospora crassa O <
Podospora anserina O NC_001320
Verticillium lecanii | AF487277
Ascomycota (Hemiascomycota)
Candida albicans O NC_002653
Candida glabrata | | O O O | | O AJ511533
Pichia canadensis | O O O | | O NC_001762
Saccharomyces castellii | O O O | | O AF437291
Saccharomyces cerevisiae | O O O | O NC_001224
Yarrowia lipolytica O NC_002659
Ascomycota (others)
Schizosaccharomyces japonicus | NC_004332
Schizosaccharomyces octosporus | | | | | a AF275271
Schizosaccharomyces pombe | | | | | | NC_001326
Taphrina deformans [ ] [ | O O [ | [ ] AY262107¢
Basidiomycota® |
Chytridiomycota® |

Filled and empty squares stand for presence or absence of the gene or helices, respectively.

2All mtP-RNAs contain P1 and P4.

PThe A. nidulans sequence is almost complete: ODAS1, CAA33481, AAA99207, AAA31737, CAA25707, AAA31736, CAA23994, X15442,
P15956, CAA23995, CAA33116, X00790, X15441, X06960, J01387, and X01507.

“Completed at Whitehead Institute, currently available at http:/pages.slu.edu/faculty/kennellj/genbank.html.

9The GenBank record documents the rnpB sequence, the complete sequence is unpublished.

¢Mitochondrial rnpB genes have not been identified in basidiomycete (Cantharellus cibarius, unpubl.; Cryptococcus neoformans, NCO0_4336;
Microbotryum violaceum, unpubl.; Schizophyllum commune, NC_003049) or chytridiomycete fungi (Allomyces macrogynus, NC_001715;
Harpochytrium94, AY182005; Harpochytrium105, AY182006; Hyaloraphidium curvatum, NC_003048).

the expected size is found in K. lactis mitochondria (Wilson
et al. 1989), the high incidence of noncanonical features
raises the question whether or not rnpB codes for a func-
tional mtP-RNA.

Further comparative analysis revealed another conserved
base pairing, P18 (Fig. 2A), in the five phylogenetically
closely related organisms S. cerevisiae, S. castellii, T. glabrata,
S. exiguus, and K. lactis (Fig. 2B). These helical regions start
at the same position as P18 of R. americana and as P18 in
the bacterial minimum consensus model, 2 nt upstream of
the CRIV motif (Fig. 1B). Additional support for this P18
helix comes from a compensatory exchange of a base pair
(G-C to A-U) between the S. cerevisiae and S. douglasii
mtP-RNAs (see the circled nucleotides of the S. cerevisiae
structure in Fig. 2B). In P. canadensis, a P18 pairing is
possible (labeled “P18?” in Fig. 2B); however, it is not lo-
cated at the same position relative to the CRIV motif. Fi-
nally, we did not detect a CRIV motif or a P18 pairing in the
S. fibuligera mtP-RNA.

Fission yeasts

The S. pombe rnpB gene was only identified recently, al-
though the complete sequence of mtDNA has been available
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for more than a decade. Differences in both the CRI and
CRV motifs, relative to the consensus (Fig. 1), made it
difficult to recognize this gene. After identifying potential
CRI, CRIV, and CRV motifs in an intergenic region of the
S. pombe mtDNA, we confirmed the presence of an rnpB
homolog in S. octosporus at the same location in the
mtDNA, flanked by the same tRNA genes, trnA and trnG.

The comparative structural modeling of the two Schizo-
saccharomyces sequences reveals not only the presence of P1
and P4, as in budding yeasts, but also P2 and P3 pairings
that distinguish them from most other fungal RNA struc-
tures (Fig. 2B). Moreover, we identified potential P15 and
P18 pairings. However, only the S. pombe P18 is located at
the same distance from CRIV as in other species, and the
potential S. octosporus P18 helix would be only 3 bp long
(Fig. 2B). The central sequence of rnpB contains three mo-
tifs that are identical in the fission yeasts (4, 6, and 9 nt long;
Fig. 2B), but without similarity to the bacterial consensus.

T. deformans has been grouped together with Schizosac-
charomyces species in phylogenetic analyses (termed archi-
ascomyetes, Nishida and Sugiyama 1993; for an alternative
view, see Bullerwell et al. 2003b; Leigh et al. 2003), but the
mtP-RNA secondary structure of T. deformans exhibits
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striking similarity only to the euascomyete A. nidulans (Fig.
2B). The only principal structural difference is the extra P18
pairing in T. deformans.

Mapping of mtP-RNAs

As indicated in the bacterial consensus structure (Fig. 2A),
the 5" and 3’ extremities of most mapped P-RNA molecules
are directly adjacent, or at least close to, the P1 helix of
P-RNAs. We show here by primer extension that the puta-
tive S. fibuligera mtP-RNA is processed at its 5" end to an
RNA molecule with a perfect terminal P1 helix (Figs. 2B, 3).
In S. pombe and S. octosporus, the 5 ends were initially
mapped by primer extension experiments (Fig. 3) and con-
firmed by RT-PCR of the circularized RNAs and sequencing
of the PCR product. The sequencing results confirmed the
primer extension results shown in Figure 2B and revealed
that there is only a marginal heterogeneity of mtP-RNA
extremities.

Results further show that the 3’ end of S. pombe and the
end of S. octosporus mtP-RNAs correspond well to the
predicted RNA structure model (Fig. 2B). The 5" end of S.
pombe and the 3’ end of S. octosporus are somewhat longer

4

than expected, at sequence motifs rich in cytidines and uri-
dines. Similar motifs are present at most 3’ ends of mito-
chondrial protein-coding genes in S. pombe, S. octosporus
(Bullerwell et al. 2003b), and several zygomycete and ba-
sidiomycete mitochondrial genomes (B.F. Lang, unpubl.).
These sequence motifs may be RNA processing signals
(Lang et al. 1983; Trinkl et al. 1989), and protect the RNA
extremities against further exonuclease digestion.

DISCUSSION

Highly reduced mtP-RNA structures in fungi

We report here the identification of four previously unde-
tected mitochondrial rnpB genes in ascomycetes. Compara-
tive RNA secondary structure modeling of previously and
newly discovered sequences allowed us to establish a mini-
mum consensus secondary structure for fungal mtP-RNAs
(for a complete collection of mtP-RNA structures, see
http://megasun.bch.umontreal.ca/People/lang/rnpB/). The
fungal mitochondrial consensus includes only two out of
the five conserved motifs (CRI and CRV) and two out of 11
conserved helices (P1 and P4; Fig. 2A) found in the mini-
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FIGURE 3. RNA mapping of S. pombe, S. octosporus, and S. fibuligera mtP-RNAs. (A) S. pombe primer extension experiment. The bottom part
of the figure shows the partial, corresponding region of the mtP-RNA structure. The main bands are consistent with sequencing of RT-PCR
product of in vitro circularized P-RNA. The thickness of the arrows is proportional to the proportion of RNA extremities of the RT-PCR
experiment. (B) S. octosporus primer extension experiment. The main bands are consistent with sequencing of RT-PCR product of in vitro
circularized P-RNA. The thickness of the arrows is proportional to the proportion of RNA extremities of the RT-PCR experiment. (C) Primer
extension for S. fibuligera mtP-RNA. The weak upper signal matches the transcription initiation site at the potential promoter sequence
(underlined). The strongest signal corresponds to the mature end of the mtP-RNA.
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mum bacterial consensus structure. The presence of addi-
tional conserved structural elements appears to tightly cor-
relate with the phylogenetic relatedness. For example, P2,
P3, P15, and P18 are found in the two Schizosaccharomyces
species, but only P18 is found in most (but not all) budding
yeasts (Table 1). Accordingly, the occurrence of P2, P5,
P7-10, and P12 in both T. deformans and A. nidulans pos-
sibly indicates that T. deformans is an ancestral fungus that
branches at the base of the ascomycetes. Although it has
been proposed to be related to Schizosaccharomyces species
based on rRNA phylogenies (Nishida and Sugiyama 1993),
it does not appear to be related based on either mtP-RNA
structure or from mitochondrial protein sequences (Leigh
et al. 2003).

The reduction of the structural complexity of mtP-RNAs
is more extensive in fungal mitochondria than in nuclear
(Frank et al. 2000) and archaeal P-RNAs (Harris et al.
2001). It is likely compensated by increase in size and/or
number of P-proteins (e.g., the large size of the mitochon-
drial P-protein in S. cerevisiae; Morales et al. 1992; Dang
and Martin 1993) and the possibility of multiple mitochon-
drial P-proteins in A. nidulans (Lee et al. 1996b). An inves-
tigation of fungal mitochondrial P-proteins and of native
mtP-RNA enzymes could be useful in shedding light on the
principles related to the replacement of RNA by protein
structure. Despite the substantial loss of structural complex-
ity, the fungal mtP-RNAs are likely to be the catalytic com-
ponent of RNase P. Deletion analysis shows that bacterial
P1 and P4 elements are intimately involved in catalytic
function (Guerrier-Takada and Altman 1992; Schlegl et al.
1994). This hypothesis is also supported by genetic and
biochemical studies in S. cerevisiae and A. nidulans, showing
that the RNA subunit is essential for mtP-RNA activity
(Miller and Martin 1983; Underbrink-Lyon et al. 1983; Lee
et al. 1996a).

Processing of fungal mtP-RNAs

The processing of precursor molecules of structural RNAs
usually depends on highly specific biochemical activities
that recognize RNA structure. This prompted the question
whether this also applies to mtP-RNAs. The RNA mapping
data presented here indicate two types of mtP-RNA pro-
cessing. First, in S. pombe, S. octosporus, and several budding
yeasts (including S. cerevisiae and C. glabrata; Shu and
Martin 1991), rupB genes are flanked by tRNA genes. The
removal of tRNA sequences from the RNA precursor di-
rectly liberates mature mtP-RNA molecules in some in-
stances (e.g., as shown here in S. pombe, Fig. 2B; and as
predicted in P. canadensis, S. exiguus, and K. lactis from the
positioning of the postulated processing sites). It follows the
tRNA “punctuation model” first described as the key prin-
ciple of human mitochondrial RNA processing (Ojala et al.
1980), as well as in S. pombe and a few other fungi (Paquin
et al. 1997). Note that RNA processing by tRNA punctua-
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tion is not a general principle in budding yeast mitochon-
dria, although applied in maturation of the mtP-RNA. In
fact, there is a high overall incidence of mitochondrial rnpB
genes that are flanked on both sides, or at least one side
(and then most frequently at the 3’ end), by tRNA genes.
This implies that in numerous instances, RNase P itself has
a defining role in 3’ processing of its RNA subunit. Second,
in some cases, 3’ and 5’ end processing occurs subsequent
to tRNA removal. For example, processing of 3’ ends of
transcripts containing cytidine-uridine-rich motifs occurs
in S. octosporus (Fig. 2B). The primary transcript in S. ce-
revisiae includes tRNAMY, mt-PRNA (also called Rpmlr),
and tRNA"™. The tRNAs are first separated from the mtP-
RNA precursor, and secondary maturation occurs at both
P-RNA ends (Stribinskis et al. 1996), with the possible in-
volvement of the mitochondrial P-protein (Stribinskis et al.
2001). The rnpB gene of S. fibuligera is flanked only down-
stream by tRNA"™, but upstream by a protein coding gene
(cox2). The sequence immediately upstream of rnpB contains
a conserved octanucleotide promoter motif (TATAAGTA;
Fig. 2) that serves as a promoter in S. cerevisiae. Our primer
extension analysis in S. fibuligera indicates that rnpB is indeed
transcribed from this putative promoter (Fig. 3), so that start-
ing transcription close to the 5’ end is yet another potential
mechanism leading to the definition of mtP-RNA extremities.
The same mechanism potentially applies to S. cerevisiae, as an
alternative pathway to maturation by tRNA punctuation
(Biswas 1996). Finally, in A. nidulans and T. deformans none
of the previously discussed mechanisms seem to apply.

Mitochondrial rnpB genes in other fungi, plants,
or protists?

We failed to detect mitochondrial rnpB genes in 18 out of
26 complete fungal mtDNAs. These negative matches in-
cluded all studied basidiomycete and chytridiomycete fungi,
four euascomycete fungi, two budding yeasts, and one fis-
sion yeast (Table 1). In these species, a mitochondrial rnpB
either migrated to the nucleus, or had its function replaced
by a nuclear encoded gene, or, less likely, diverged to a
degree that it is no longer recognizable. There is evidence to
indicate that rnpB is indeed absent from most of the above-
listed mtDNAs. In the chytridiomycete fungi Harpochy-
trium94 and Harpochytriuml105 (Bullerwell et al. 2003a),
intragenic regions are either too short or filled with repeats
so there is no space to fit an rnpB gene. The chytridiomycte
fungus, A. macrogynus, has the most ancestral (underived)
mtDNA sequence among all known fungi, with respect to
both gene content and gene sequence similarity. Therefore,
although one might expect that A. macrogynus would have
an easily identifiable, eubacterial-like mitochondrial rnpB,
we were unable to locate even a highly derived version of
this gene. S. pombe and S. octosporus mtDNAs contain rnpB
sequences that are highly similar and easily identified by
sequence comparisons. Yet, there is no significant match
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with a third fission yeast mtDNA, that of S. japonicus. P.
anserina, H. jecorina, and Verticillium lecanii are closely re-
lated to A. nidulans. A. nidulans is the only one of the four
that has a eubacteria-like rnpB sequence. Otherwise, their
mitochondrial gene content is identical, which indicates
that none of these four species has undergone accelerated
evolution. Evidently, sequences from more deeply diverging
members of the euascomycetes need to be investigated to
support the idea that loss of mitochondrial rnpB is typical
for this fungal group.

This widespread loss raises the question of how the
RNase P function is provided in the absence of a mitochon-
drial encoded rnpB gene. One possibility is that a protein-
only enzyme, coded by nuclear gene(s) and imported into
the organelle, is responsible for 5" processing of precursor
tRNAs, a situation postulated for spinach chloroplast (Tho-
mas et al. 2000). An alternate possibility is that an RNA is
required for catalysis but that it is encoded in the nucleus
and imported into mitochondria to function. Biochemical
characterization of the RNase P activity isolated from mi-
tochondria lacking an endogenous rnpB will be necessary to
differentiate between these possibilities. Such studies have
been undertaken for human mtP-RNA, but there is an un-
resolved debate whether or not the absence of mitochon-
drially encoded rnpB is compensated by the nuclear P-RNA,
or by a protein-only enzyme (Rossmanith and Karwan
1998; Puranam and Attardi 2001; Rossmanith and Potus-
chak 2001).

MATERIALS AND METHODS

DNA and RNA extraction, PCR, and sequencing

S. pombe strain ade7-50h~ (kindly provided by U. Leupold, Uni-
versity of Bern, Switzerland) S. octosporus (ATCC 2479), and T.
deformans (NRRL T-857) were grown in 1% yeast extract plus 3%
glycerol liquid medium. For mitochondrial DNA and RNA extrac-
tions, cells were broken mechanically, and a mitochondrial frac-
tion was isolated by differential centrifugation (Lang et al. 1977).
This fraction was lysed in the presence of 1% SDS and 100 pg/mL
proteinase K for 1 h at 37°C, and after phenol-chloroform extrac-
tion, the nucleic acids were precipitated with ethanol. For RNA
extractions of Schizosaccharomyces strains, the cell walls were di-
gested with lytic enzymes from Trichoderma harzianum (Sigma
L-2265), and mitochondria were purified by differential centrifu-
gation. The mitochondrial fraction was solubilized in the presence
of 1% SDS and 100 pg/mL proteinase K for 1 h at 37°C. After a
phenol-chloroform extraction, the high-molecular-weight RNA
fraction was precipitated with 2M LiCl, redissolved in RNase-free
water, and ethanol-precipitated.

Primer extension

Primer extensions were performed with primers 5'-CCCTCT
TGGGTTTCTTTTTTA-3" (S. pombe) and 5-GATGGATTATG
TAAAATTAACTG-3' (S. octosporus). The primers were labeled at

the 5" end with y-P32 ATP and T4 polynucleotide kinase (Boe-
hringer). The mitochondrial RNA was incubated for 30 min at
37°C in the presence of the respective primers, dNTPs, AMV
buffer (Boehringer), and AMYV reverse transcriptase (Boehringer
1495062). The resulting product was ethanol-precipitated and
loaded on a high resolution sequencing gel (see above). The DNA
sequencing ladder that served as a size marker was produced with
the same primer from a DNA template containing the rnpB region
from the organism being examined.

RNA ligation and RT-PCR

RNA ligation of mtP-RNAs, followed by RT-PCR amplification,
was performed to determine precise 5’ and 3’ end(s). The protocol
was essentially the same used to circularize tRNAs (Yokobori and
Pddbo 1995), except that ~10 pg of RNA was used as starting
material. The primers used for RT-PCR were 5'-CCCTCTTG
GGTTTCTTTTTTA-3" and 5'-TTTTAGTAATTTCAAATATAA
CAG-3’ for S. pombe, and 5'-TCCAAACTTTCCATTTGATAAC-
3" and 5'-CAGTTAATTTTACATAATCCATC-3' for S. octosporus.
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