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Abstract The second intron (bi2) of the ¢yt b gene from
related Saccharomyces species has an extraordinarily
conserved sequence and can have different functions in
wild-type cells. The protein encoded by the S. cerevisiae
intron functions as a maturase to promote intron splic-
ing, while the homologous S. capensis intron encodes a
bifunctional protein that acts both as a maturase and as
a homing endonuclease (I-Scal) promoting intron mo-
bility. The protein encoded by intron bi2 belongs to a
large gene family characterized by the presence of two
conserved LAGLIDADG motifs (Pl and P2). In this
study, we analysed a set of splicing-deficient mutants of
the S. cerevisiae intron bi2 that carry non-directed
mutations affecting the maturase activity, and a set of
directed missense mutations introduced into the bi-
functional protein encoded by the S. capensis intron.
Analysis of these mutations has allowed identification of
the residues in the conserved P1 and P2 motifs which are
crucial for splicing and homing activities. Moreover,
several mutations which are located in the C-terminal
part of the protein have been found to affect both
functions.

Key words Group I intron - Maturase/Homing
endonuclease - Intronic protein mutations - Yeast -
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Introduction

Almost all proteins encoded by group I introns belong to
a large family whose members share the two conserved
LAGLIDADG amino acid motifs also referred to as P1
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and P2 motifs (Dujon 1989; Cech 1990; Lambowitz and
Belfort 1993). Some of these proteins are RNA matu-
rases, required for efficient intron splicing, while others
are site-specific DNA endonucleases that promote intron
(or intein) homing (Lambowitz and Belfort 1993; Belfort
and Roberts 1997; Jurica and Stoddard 1999). Among
the more than 130 known proteins with LAGLIDADG
motifs only five have been shown to function as matu-
rases. This function was demonstrated genetically by
showing that mutations in the intron’s ORF lead to a
splicing deficiency which can be complemented in trans
by the wild-type protein in vivo. This demonstration was
carried out for the proteins encoded by the second (bi2,
Lazowska et al. 1980; Szczepanek and Lazowska 1996),
third (bi3, Lazowska et al. 1989) and fourth (bi4, An-
ziano et al. 1982; De la Salle et al. 1982; Weiss-Briimmer
et al. 1982) introns of the cyt b gene in Saccharomyces
cerevisiae. The S. cerevisiae bi4 maturase activity was
also confirmed by showing that engineered forms ex-
pressed in the cytoplasm and imported into mitochon-
dria could complement maturase-deficient mutations
(Banroques et al. 1986, 1987). Each maturase is required
for the splicing of the intron that encodes it. The bi4
maturase is also required for splicing of the intron ai4 of
the coxI gene and could thus regulate the coordinate
expression of the two genes (Labouesse et al. 1984). So
far, the activity of yeast maturases has not been tested
biochemically and their exact role in the processing of
mitochondrial precursors remains to be elucidated. Re-
cently, it has been reported that the maturase encoded
by the group I intron (AnCOB) of the ¢yt b gene in
Aspergillus nidulans mitochondria is required to stabilize
the tertiary structure of the RNA and to activate splicing
in the presence of low concentration of Mg?" (Ho et al.
1997; Ho and Waring 1999).

Numerous members of the LAGLIDADG family
function as homing endonucleases. The cleavage of the
target site (an intronless allele) by the intron-encoded
endonuclease initiates gene conversion, leading to the
propagation of the intron. Several homing endonu-
cleases have been well characterized biochemically, and
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recently the structures of the group I intron-encoded
I-Crel (Heath et al. 1997), the archeal intron-encoded
I-Dmol (Silva et al. 1999) and the intein-encoded PI-
Scel endonucleases (Duan et al. 1997) were determined.

An important finding concerning the LAGLIDADG
family was the discovery of bifunctional proteins,
demonstrating that maturase and endonuclease activities
are very closely associated. Both activities have been
demonstrated, in vivo in wild-type cells, for the protein
encoded by the S. capensis intron bi2, and in vitro for the
protein encoded by the A. nidulans intron AnCOB
(Szczepanek and Lazowska 1996; Ho et al. 1997). In
Schizosaccharomyces pombe, one intron which encodes a
maturase is mobile in crosses and is likely to encode a
DNA endonuclease (Schéfer et al. 1994). Also, it has been
shown that the two unifunctional proteins in wild-type
cells, the I-Scell homing endonuclease (encoded by intron
ai4 of the cox! gene, Delahodde et al. 1989; Wenzlau
et al. 1989) and the S. cerevisiae bi2 maturase, can acquire
the second function by mutation. The ai4-encoded pro-
tein becomes a latent maturase as a result of second-site
suppressor mutations located either in the intron ORF
(mim2-1, Dujardin et al. 1982) or in the nuclear gene
NAM2/MLRS (NAM2-1, Labouesse et al. 1987), while
the S. cerevisiae bi2-encoded protein acquires endo-
nuclease activity on replacement of two residues in the
intron ORF (Szczepanek and Lazowska 1996).

Studies of mutations in intron- or intein-encoded
proteins which lead to the loss of the maturase or
homing activities show that most of them occur in the
conserved P1 and P2 motifs. Analysis of mutants located
in the bi4-encoded maturase shows that the integrity of
both motifs is necessary for intron splicing (Anziano
et al. 1982; Lamb et al. 1983; Perea et al. 1990). The
only missense mutation known to inactivate the bi3
maturase alters the invariant glycine residue in the P2
motif (Lazowska et al. 1989) and interestingly, the
equivalent mutation was previously reported for the bi4
maturase (Anziano et al. 1982; Lamb et al. 1983). Mu-
tational studies of the P1-P2 motifs of intein-encoded
endonucleases (PI-7/i1 and PI-Scel) have provided
strong evidence that these dodecapeptides may comprise
a part of the catalytic centre (Hodges et al. 1992; Gimble
and Stephen 1995). Finally, a specialization of function
between the two motifs was reported for the ai4-encoded
protein when it was shown that the P1 motif is impor-
tant for the homing function while the P2 motif is im-
portant for splicing activity (Henke et al. 1995).

In the case of the bi2 intron-encoded proteins from
S. cerevisiae and S. capensis, the only known missense
mutations (occurring in the double mutant) that abol-
ished maturase and endonuclease activities are located
outside the conserved motifs (Lazowska et al. 1980;
Szczepanek and Lazowska 1996). In this work, we
analysed four trans-acting splicing-deficient mutations
located in the S. cerevisiae bi2 maturase and introduced
six missense mutations into the bifunctional bi2 protein
from S. capensis. We identified several residues located
in the conserved P1 and P2 motifs which are crucial for

both activities. We have also identified a region in the
C-terminal part of the protein that is involved in both
splicing and homing functions.

Materials and methods

Yeast strains and media

The S. cerevisiae mutant strains are isonuclear and isomitochon-
drial to the wild-type strain 777-3A (M ATuw, adel, opl). Two rho™
clones, B231 and BI11, are derived from the strain KL14-4A
(MATa, hisl, trp2, rho™). The S. capensis wild-type strain CST32
(MATuw, his3, karl-1) was obtained by transfer of mitochondria
derived from the previously constructed interspecific hybrid strain
FMD3 (S. cerevisiae nucleus and S. capensis mitochondria;
Lazowska et al. 1992) to the S. cerevisiae rho® strain.

All the media used to grow yeast cells were as described by
Szczepanek and Lazowska (1996).

Construction of mutant strains

Six strains carrying missense mutations were constructed in several
steps using the strategy and methodology described in Szczepanek
and Lazowska (1996). Oligonucleotide-directed mutagenesis was
performed using the Muta-Gene M13 kit (Bio-Rad). To introduce
the mutational changes into the S. capensis bi2 ORF, the following
oligonucleotides were used (altered bases are underlined): 5'-
GGTTCAATATTAGGATCTGGTCATGCTGAAAA-3" (serine
at position 90); 5-CCTTTAGCTTTAGCTGATTGAATTATA-
GATGA-3’ (aspartic acid at position 196); 5-GCTATTTGAAT-
TATATCTGATGGATGTAAATT-3" (serine at position 200);
S-ATTTGAATTATAGATTCTGGATGTAAATTAGG-3" (ser-
ine at position 201); 5-TTTAGTTATAAAGATTTTCAATATT-
TA CTTT-3" (phenylalanine at position 221); 5S-ATACACAAT-
TTGTTAATTATGTATGAAAAGA-3" (asparagine at position
250). After verification by sequencing, the mutated fragments were
recloned into the EcoRI/Pstl sites of pUCI9 and then transferred
into the Xbal/EcoRI sites of the plasmid pJM?2, which carries the
coxII gene (Mulero and Fox 1993), and used for transformation of
mitochondria. Cells of the rho° strain W303-1B/A/50 (M ATa, ura3,
his3, leu2, ade?, trpl) were bombarded with a 6:1 mixture of mutant
plasmid DNA and YEp352 plasmid DNA (which contains the
URA3 gene to allow the scoring of nuclear transformants). Plates
with Ura™ nuclear transformants were replica-mated to lawns of a
tester strain (TF145, M ATu, ade?) bearing a coxII deletion muta-
tion (Mulero and Fox 1993). The identification of mitochondrial
transformants was based upon their ability to produce respiration-
competent diploids. The presence of the relevant regions of
mtDNA in subcloned rho™~ strains (mitochondrial transformants)
was confirmed by DNA sequencing. The mtDNA of subcloned
stable synthetic rho~ clones were integrated, by mating, into the
wild-type strain CST32. The diploids carrying mutations in the
S. capensis bi2 intron were analysed and selected by dot-blot hy-
bridizations using the bi2 intron and coxI exon probes (to distin-
guish between rho" and rho” mtDNAs) and by a rapid screening
technique based on hybridization with synthetic oligonucleotides
overlapping the mutated sites and measurement of the relative
stability of homo- and heteroduplexes during differential melting
(to distinguish between the rho’ and rho* mir~ mtDNAs). The
haploid mutant strains were obtained either by sporulation of
diploids or by cytoduction. The presence of mutational changes in
these strains was confirmed by sequencing the relevant region of
their mtDNAs.

DNA and RNA manipulations

For DNA sequencing the mitochondrial fragment from the mutant
or rho~ strains was either amplified by PCR using appropriate



oligonucleotides or cloned in the appropriate site of pUCI9,
transferred to M13mpl8 and M13mpl9 phages and sequenced
using the Sequenase Version 2.0 kit (US Biochemical).

Extraction of total mtRNA, purification and Northern blot
analysis were carried out as described by Szczepanek and
Lazowska (1996). The molecular probes used were the recombinant
plasmids pYGT19 carrying the exons of the cyt b gene (Szczepanek
and Lazowska 1996) and pYJLS carrying the bi2 intron sequences
(Lazowska et al. 1989).

Endonuclease assay

The mitochondrial extracts from the wild-type and mutant strains
were prepared as described in Szczepanek and Lazowska (1996).
The recombinant plasmid pYGT28 containing the 28-bp insert
which carries the exonic sequences flanking the bi2 intron was
linearized with Sspl before use as a substrate for endonuclease
assay (Szczepanek and Lazowska 1996). In vitro endonuclease
assay was performed as described by Wenzlau et al. (1989). The
cleavage products were separated on a 1% agarose gel, blotted and
hybridized to pYGT28 labelled by nick translation using three
[o->*P]dNTPs.

Determination of the transmission of mitochondrial markers

Strains with mitochondrial genomes containing a modified bi2
intron were crossed to a strain with an intronless mitochondrial
genome. The progeny of the crosses were subjected to quantitative
genetic and molecular analysis according to Szczepanek et al.
(1994). For each cross, about 180 randomly picked diploid clones
were checked on glycerol-containing media supplemented with
appropriate antibiotics to determine the transmission of non-polar
markers. Total DNA extracted from the same clones was checked
for transmission of individual introns by dot-blot hybridizations
using specific intron probes, plasmids pYJLS5 for bi2 and BV02 for
ail (Carignani et al. 1986).

Results

Splicing-deficient mutations in the bi2 intron
that affect the maturase activity

Among some fifty trans-active splicing-deficient mutants
located in the S. cerevisiae intron bi2 ORF isolated
in vivo, only five carry missense mutations, as deduced
from the observation that they accumulated the 42-kDa
polypeptide corresponding to the upstream exons-bi2

Table 1 Description of the trans-acting splicing-deficient mutants
located in the S. cerevisiae intron bi2. Mutated (M) nucleotides and
amino acids are in bold. Restoration tests were performed by
mating the mutant strains with two rho~ clones, the diploids issued
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maturase fusion protein (Lazowska et al. 1980; Bech-
mann et al. 1981). We have previously shown that one of
these mutants, G1909, carries two missense mutations
(V221F and I250N) located in the C-terminal part of the
maturase (Lazowska et al. 1980).

To identify the residues crucial for the maturase ac-
tivity, we established the sequence of the remaining four
mutants which accumulated the 42-kDa polypeptide
(Bechmann et al. 1981). The mutational changes iden-
tified in the mutant strains are listed in Table 1. Three
out of four mutants carry a modification in the con-
served P1 motif. The replacement of the first glycine in
the P1 motif by aspartic acid (mutation G85D) was
found in two independent mutants, M4111 and M 1282,
while the third mutant, M4926, carries the mutation
HO92P (Fig. 1A). These mutations support the idea that
the integrity of the P1 motif is important for maturase
activity.

The fourth mutant studied, W401, carries four mu-
tations distributed along the maturase sequence (AST,
HI120Y, S236Y and V252M) and all lie outside the two
conserved motifs (Fig. 1A, Table 1). The splicing de-
fects caused by the W401 mutations were dissected in
crosses with two discriminating rho~ clones (B111 and
B231, Fig. 1A). The fact that respiration-competent
diploids are observed in crosses between W401 and
rho~ B231, which, as expected from its repeat length,
can correct only the W401-3 and W401-4 mutations
indicates that the mutations S236Y and/or V252M are
responsible for the splicing-deficient phenotype
(Fig. 1A, Table 1). Interestingly, these mutations are
very close to the sites of the first (V221F) and second
(I250N) mutations, respectively, observed in the double
mutant G1909.

To confirm that the mutations described above affect
the maturase function of the bi2-encoded protein, we
analysed mitochondrial transcripts from wild-type and
mutant strains. The results of Northern analysis, shown
in Fig. 1B, clearly indicated that all trans-active muta-
tions lead to a very strong splicing defect. All mutants
exhibit the same transcript patterns and accumulate only
high-molecular-weight bi2-containing intermediates and
do not make the mature mRNA.

from the crosses were replicated onto glycerol-containing medium.
+ and — denote that diploids are respiration competent or
respiratory deficient, respectively

Strain Mutation Base substitution Codon substitution Restoration test with rio™ clones:
No. WT M No. WT M B231 Bl11
M4111 G85D 254 G A 85 GGT (G) GAT (D) - +
M1282 G85D 254 G A 85 GGT (G) GAT (D) - +
M4926 H92P 275 A C 92 CAT (H) CCT (P) - +
W401-1 AS5T 13 G A 5 GCC (A) ACC (T) - +
W401-2 HI120Y 358 C T 120 CAT (H) TAT (Y) - +
W401-3 S236Y 707 C A 236 TCT (S) TAT (Y) + +
W401-4 V252M 754 G A 252 GTA (V) ATA (M) + +
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Fig. 1A, B Location and nature of trans-active mutations in the
S. cerevisiae bi2 intron that affect the maturase activity of the protein
product. A The diagram represents the bi2 intron: the open box
denotes coding sequences (ORF) in the intron, the shaded boxes
denote the conserved motifs P1 and P2 and the horizontal line
indicates non-coding sequences in the intron (nt, nucleotides). The
positions (numbers in bold) and nature (in bold) of mutations observed
in four mutant strains (names in brackets) are indicated. The hatched
bars represent the segments of the mtDNA retained in two rho~
clones, B231 and B111, used to map the mutants. The positions of the
mtDNA segments retained in the rho~ clones are indicated.
B Northern analysis of mutant strains. Total mtRNA was purified
from isolated mitochondria, fractionated on a 1.1% denaturing
agarose gel, transferred to Hybond C filters and hybridized with a cyt
b exon probe. WT indicates the total mtRNA extracted from the wild-
type S. cerevisiae strain 777-3A. The lengths of the transcripts is given
in kb

Construction and analysis of mutants that affect
the splicing and/or homing functions
of the protein encoded by the S. capensis bi2 intron

To further study the properties of the intron-encoded
proteins we introduced several missense mutations into
the S. capensis bi2 intron-encoded protein, which differs
from that encoded by the homologous intron from

S. cerevisiae by only four amino acid replacements and
acts both as a DNA endonuclease (I-Scal) and an RNA
maturase (Szczepanek and Lazowska 1996).

To study the effects of the P1 and P2 motifs of the bi2-
encoded protein on the functions that it performs, we
introduced four missense mutations and tested their ef-
fects on maturase function, endonuclease I-Scal activity
and intron mobility. All directed mutations were intro-
duced into mitochondria by biolistic transformation as
described in Materials and methods. We have con-
structed mutant strains carrying mutations that change
each of the aspartic acids in the P1 and P2 motifs of bi2 to
serine (D90S, D200S and D201S) and the isoleucine in
the P2 motif to aspartic acid (I1196D, Table 2, Fig. 2A).
All strains carrying a D — S mutation are able to grow
on glycerol-containing media, whereas the mutation
1196D leads to the respiration-deficient phenotype. This
was confirmed by Northern analysis of mtRNAs from
these strains. As shown in Fig. 2B, the transcript patterns
in the D — S mutants are identical to that of the wild-
type strain and the RNA species that accumulate in the
196D mutant are identical to those observed in the
trans-active mutants for the S. cerevisiae intron bi2
(Fig. 1B). Thus, the analysis of non-directed (see pre-
ceding paragraph) and directed mutations demonstrates
that the presence of hydrophobic residues at the fourth
position in the P1 (G85) and P2 (1196) motifs of intron
bi2 is essential for maturase activity (Figs. 1 and 2).

We have previously shown that two missense muta-
tions, originally observed in the S. cerevisiae double
mutant G1909, when introduced into the S. capensis
intron bi2, abolished its maturase and I-Scal endonuc-
lease activities (Szczepanek and Lazowska 1996). To test
whether either of these mutations affects one or both
functions of the protein, we constructed two single-site
mutants carrying, respectively, the V221F and 1250N
mutations (see Materials and methods). Interestingly, in
contrast to the splicing-deficient phenotype and strongly
effect on intron splicing observed in the double mutant,
the simple mutants carrying only one of the mutations
are respiration and splicing competent (Fig. 2B).

To test the effect of introduced mutations on the I-
Scal endonuclease activity, in vitro assays were carried
out on mitochondrial extracts from the wild-type and
mutant strains as described in Materials and methods.
As shown in Fig. 3A, the cleavage products are only
observed when substrate is incubated with the wild-type
extract and all extracts from the mutant strains have no
detectable I-Scal activity.

The homing of mutated introns was tested by mating
the intron donor strains and the wild-type strain (used as
control) with a recipient strain that has an intronless
mitochondrial genome and performing a quantitative
analysis of the transmission of mitochondrial markers to
the progeny (see Materials and methods). The donor
and recipient strains carry two mitochondrial markers
conferring resistance (allele in the recipient strain) or
sensitivity (allele in the donor strains) to oligomycine
and erythromycin, which are known to be transmitted in



141

Table 2 Description of the

S. capensis mutant strains Strain® Nuclear genotype Mitochondrial Base substitution Codon substitution

carrying the directed mutations mutation

introduced into mtDNA No. WT M No.  WT M
ST37  MATo, ade2, his3 D90S 2689 GA TC 90 GAT (D) TCT (S)
CST21 MATuw, his3, karl-1  1196D 5867 AT GA 196 ATT (D) GAT (D)
ST38  MATo, his3 D200S 5989 GA TC 200 GAT D) TCT(S)
ST39  MATo, ura3, his3 D201S 601-2 GA TC 201 GAT (D) TCT(S)
ST36 MATuw, his3 V221F 661 G T 221 GTT (V) TTT (F)
CST14 MATuo, his3, karl-1  1250N 749 T A 250  ATT (D) AAT (N)

# All mutants were obtained as described in Materials and methods. For other explanations see the

legend to Table 1

D SS
b M

ALAIWIMDDGCK

[ |
1 bﬁ?mg}//MMa
P

P1

| |
221 250
BV
IIT'YGEMLGDG HA * *
s F N
wo @ k2 wa ELL 2
o0 o oo = o o2
cB2EESR 5385585
- -T4= | -
. -53~ et
“ -.-.—39—--‘3-..

miANA

cyth exon probe bi2 intron probe

Fig. 2A, B Effects of directed mutations introduced into the
S. capensis bi2 intron on maturase activity. A The diagram shows
the S. capensis bi2 intron ORF. The locations and sequences of the P1
and P2 dodecapeptide motifs are given. The positions (numbers in
bold) and nature (in bold) of six directed mutations are indicated.
B Northern analysis of mutant strains. WT indicates the total mtRNA
extracted from the wild-type S. capensis strain CST32. For other
explanations see the legend to Fig. 1B

a non-polar fashion (Lazowska et al. 1994). Since
transmission of these markers cannot be measured when
the strains have a respiration-deficient phenotype (mu-
tant CST21, Table 2), we used as an additional non-
polar marker the non-mobile first intron of the cox/ gene
from S. capensis (Szczepanek et al. 1994). The results
shown in Fig. 3B clearly indicate that the transmission
of the modified bi2 intron present in all mutant strains,

A B

w o 8 & & =z
= 5 = 8 8 9 u Mutation | Transmission of markers (%)
@ p—— 085 ES b2t ailt
, " D905 37 35 35 40
1196D 46 47
D2005 51 49 47 46
D201S 0 36 37 40
V221F 42 35 42 40
[250N 42 35 68 40
= WT 39 49 98 39

Fig. 3A, B Effect of directed mutations introduced into the S. capensis
bi2 intron on the I-Scal endonuclease activity and intron mobility. A
In vitro assay of the endonuclease activity. The linearized substrate
was incubated with mitochondrial extracts from the S. capensis wild-
type strain (WT) and six mutant strains carrying the indicated
mutations. The endonuclease assays were carried out as described in
Materials and methods. B Transmission of the modified bi2 introns to
the intronless S. cerevisiae cyt b gene. All donor strains carrying
modified bi2 introns (listed in Table 2) were crossed with the recipient
strain CKYL2 (MATa, leul, kari-1), which has an intronless
mitochondrial genome (Szczepanek et al. 1994). The wild-type strain
CST32 was used as a control. Quantitative analysis of the progeny
from each cross was performed as described in Materials and
methods. Data for transmission of the donor markers OS5, ES, bi2 ™
and ail " are given

except the mutant with the I250N mutation, is the same
as that of the non-polar markers carried by the same
donor genome. Thus, the five introduced mutations
completely abolish the I-Scal activity and mobility in
crosses (Fig. 3A, B). The transmission of the bi2 intron
carrying the 1250N mutation is intermediate (68%) be-
tween those observed for the non-polar markers carried
by the same donor genome (on average 39%) and for the
mobile intron (98%) (Fig. 3B). This result indicates that
the mutation 1250N does not abolish but does signifi-
cantly diminish the homing activity. Nevertheless, it has
not been possible to detect the I-Scal activity in vitro.

Taken together, the results presented above demon-
strate that all strains carrying any of the different
D — S, V221F or 1250N mutations show no or reduced
homing activity while retaining the splicing function.
The mutation 1196D located in the P2 motif completely
destroys both activities of the protein and none of the
introduced mutations has been found to affect only the
maturase activity.
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Discussion

This work has focused on a mutational study of the
second intron of the cyt b gene that has allowed us to
identify critical base substitutions leading to a splicing
deficiency and to the loss of homing function. Analysis
of the non-directed and directed mutations located in the
protein encoded by the bi2 intron ORF shows that the
integrity of the conserved P1 and P2 motifs is necessary
for splicing and homing activities. Importantly, we have
established that the region located near the P2 motif in
the C-terminal part of the protein is involved in both
functions of this protein.

The residues essential for maturase activity have been
identified by analysing a set of mutants selected in vivo
that have mutations located in the S. cerevisiae bi2
maturase and a set of constructed mutations introduced
into the S. capensis bi2-encoded bifunctional protein. As
we have shown previously, these two proteins differ by
only four amino acid replacements, and introduction
into the S. cerevisiae sequence of any of the four residues
or different combinations of them does not affect the
structural specificity needed to facilitate RNA catalysis
(Szczepanek and Lazowska 1996). The decisive in vivo
data show that the conserved P1 motif is essential for
maturase activity. Two independent mutants have been
shown to carry the same mutation (G85D) that replaces
the first highly conserved glycine of the P1 motif by
aspartic acid. Interestingly the same mutation (P1-G4D)
introduced into the protein encoded by the ai4 intron
does not affect the splicing function (Henke et al. 1995).
Another mutational change that causes a very strong
splicing deficiency is the replacement of histidine, which
is the penultimate residue in the Pl motif of bi2, by
proline (H92P, Fig. 2A). The position occupied by his-
tidine, in contrast to the almost invariable glycine resi-
due (at the fourth position in the P1), is variable and is
mostly occupied by polar and hydrophobic residues but
never by proline (Dalgaard et al. 1997). Importantly,
replacement of isoleucine at the fourth position in the P2
motif by aspartic acid, as in one of the constructed
mutants, blocks maturase function. These data clearly
show that the integrity of the two motifs is essential for
maturase activity. The involvement of both conserved
motifs in the splicing function has been previously
demonstrated in the case of the bi4 maturase. Substitu-
tion of the conserved aspartic acid at the seventh posi-
tion in P1 (D7S, D7N and D7R) or the conserved
glycine at the tenth position in the P2 motif (G10D) is
detrimental to maturase activity (Anziano et al. 1982;
Lamb et al. 1983; Perea et al. 1990). In contrast, the
activity of the latent maturase encoded by the ai4 intron
of the coxI gene (see Introduction) only requires the
integrity of the P2 motif. Mutational analysis of this
protein has shown that substitution of the conserved
glycines at the fourth and tenth positions in the P2 motif
by aspartic acid residues blocks maturase activity,
whereas the equivalent substitutions in the P1 motif

inhibit homing function (Henke et al. 1995). Although it
is clear that the residues located in the conserved motifs
identified previously by mutation, and in this work, must
be involved in maturase activity, their exact roles (and
even the exact roles of the conserved motifs) in splicing
function are not known. Recently, maturase-dependent
splicing in vitro has been demonstrated for the maturase
encoded by the intron (AnCOB) of the A. nidulans cyt b
gene, which is homologous to the S. cerevisiae intron
bi3. It has been shown that the intron AnCOB which
self-splices in the presence of a high concentration of
Mg®>" requires a maturase to stabilize the tertiary
structure of the RNA and to activate splicing when
Mg”>" concentrations are low (Ho et al. 1997; Ho and
Waring 1999). The splicing reaction of the yeast mito-
chondrial maturase-encoding group I introns, which do
not self-splice in vitro (Gampel and Tzagoloff 1987; Ho
et al. 1997; our unpublished results), appears to be more
complex, since at least one and perhaps more nucleus-
encoded protein factors are needed, together with the
maturase, to promote the correct folding of the intron
RNA into a catalytically active conformation (reviewed
by Cech 1990; Lambowitz et al. 1999). Thus far, an
in vitro system for the splicing of maturase-encoding
yeast group I introns has not been developed and the
mode of action of the maturase remains to be determined.

We have recently reported the in vitro characteriza-
tion of the I-Scal endonuclease activity using a trun-
cated form (p28bi2) of the protein expressed in E. coli,
and found that the properties associated with its activity
are very similar to those described for other LAGLI-
DADG endonucleases. This protein catalyses a double-
strand cleavage of the DNA downstream from the
intron insertion site to give 4-nt long 3’-overhangs, and
recognizes an asymmetrical 16-19 bp sequence spanning
the intron insertion site (Monteilhet et al. 2000). The
results of the in vivo mutational analysis of the P1-P2
motifs in the S. capensis bi2-encoded bifunctional pro-
tein clearly indicate that, as for maturase function, the
integrity of both motifs is required for homing activity.
All directed mutations located either in the P1 (D90S) or
P2 (I196D, D200S and D201S) motifs completely abol-
ished both intron mobility in crosses and I-Scal endo-
nuclease activity. The recent determination of the crystal
structures of three endonucleases, I-Crel (Heath et al.
1997) PI-Scel (Duan et al. 1997) and I-Dmol (Silva et al.
1999), shows that the conserved motifs play a central
role in the structure and catalytic activity of these
enzymes. The two o-helical LAGLIDADG motifs are
packed in parallel to form the domain interface and
provide amino acid residues to closely spaced active
sites. Although the biochemical and structural studies
identified a number of residues involved in the activity
of, or substrate binding by, LAGLIDADG endonu-
cleases, only the two acidic residues (either an aspartic or
a glutamic acid) are conserved in all three structures.
Each of these acidic residues, located at the end of the
LAGLIDADG motifs, coordinates a divalent metal ion
in two closely packed active sites which are suitably



positioned to cleave across the DNA minor groove
(Jurica and Stoddard 1999; Silva et al. 1999). Given that
the replacement of each aspartic acid residue in either
conserved motif of the I-Scal endonuclease inactives
homing function, we are tempted to speculate that these
residues are involved in the catalytic centers. Impor-
tantly, the splicing activity is not affected by the same
mutations, suggesting that these aspartic acid residues
are not involved in specific interaction with the RNA
substrate. In contrast, the replacement of isoleucine by
aspartic acid (mutation 1196D) at the fourth position in
the P2 motif of the bifunctional protein inactivates both
activities.

Another significant result of this and previous studies
of mutations that affect the functions of the bi2-encoded
protein is the finding that the region located outside the
conserved motifs is crucial for gain or loss of homing
function and for the maintenance of maturase activity.
This was established by the observation that the acqui-
sition of endonuclease activity by the S. cerevisiae bi2-
maturase requires the simultaneous replacement of two
threonine residues at positions 212 and 239 by alanine
and histidine, respectively, whereas the single substitu-
tions (either alanine or histidine) can not activate this
function (Szczepanek and Lazowska 1996). This may
suggest that these two non-adjacent residues (A212 and
H239) located in the vicinity of the P2 motif could be
catalytic residues or be involved in the DNA binding
site. The crystal structure of I-Crel and phylogenetic
data on related homodimeric endonucleases indicate
that the residues Q47 and R70, located outside the
LAGLIDADG motifs, contribute to the I-Crel active
site (Heath et al. 1997; Seligman et al. 1997; Turmel
et al. 1997). The two missense mutations (V221F and
I250N) located in close proximity to positions 212 and
239, observed first in the mutant selected in vivo (G1909)
and later introduced into the bifunctional protein, are
detrimental to both activities (Lazowska et al. 1980;
Szczepanek and Lazowska 1996). In the present work we
have provided evidence that neither of the individual
mutations affects intron splicing; in contrast, each of
them inhibits the homing activity to some extent. The
V221F mutation completely abolished intron homing,
while the second (I250N) significantly diminished it.
This important result, which shows that only the
occurrence of two non-adjacent mutations leads to the
loss of maturase function, would suggest that these amino
acids, are closely spaced in the folded protein and might
be important for protein structure and/or maturase
function. Additional support for the involvement of the
C-terminal region proximal to the P2 motif in maturase
activity was provided by the finding that two mutations,
S236Y and V252M, identified as being responsible for the
splicing defect of the mutant W401, selected in vivo, are
also close to the sites of the G1909 mutations.

Although much progress has been made concerning
the molecular mechanisms of homing and the structure
and function of the LAGLIDADG endonucleases, the
LAGLIDADG maturases are less well characterized. It
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is clear that the S. capensis protein, which inhibits both
enzymatic activities, is an attractive model for further
investigation of the relationship between maturase and
endonuclease functions.
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