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Domain 5 (D5) and domain 6 (D6) are adjacent folded hairpin substructures of self-splicing group II introns
that appear to interact within the active ribozyme. Here we describe the effects of changing the length of the
3-nucleotide segment joining D5 to D6 [called J(56)3] on the splicing reactions of intron 5y of the COXI gene
of yeast mitochondrial DNA. Shortened variants J(56)0 and J(56)1 were defective in vitro for branching, and
the second splicing step was performed inefficiently and inaccurately. The lengthened variant J(56)5 had a
milder defect—splicing occurred at a reduced rate but with correct branching and a mostly accurate 3’ splice
junction choice. Yeast mitochondria were transformed with the J(56)5 allele, and the resulting yeast strain was
respiration deficient because of ineffective aI5S+y splicing. Respiration-competent revertants were recovered, and
in one type a single joiner nucleotide was deleted while in the other type a nucleotide of D6 was deleted.
Although these revertants still showed partial splicing blocks in vivo and in vitro, including a substantial defect
in the second step of splicing, both spliced accurately in vivo. These results establish that a 3-nucleotide J(56)
is optimal for this intron, especially for the accuracy of 3’ splice junction selection, and indicate that D5 and

D6 are probably not coaxially stacked.

Self-splicing group II introns are comprised of six secondary
structure domains tethered by joining segments with an unde-
fined secondary structure (23, 24). Domain 5 (D5) is a highly
conserved 34-nucleotide (nt) hairpin located near the 3’ end of
group II introns. It is well-established that DS of intron al5vy
from Saccharomyces cerevisiae mitochondrial DNA (mtDNA)
plays a crucial role in self-splicing (23). Both cis and trans
splicing assays have shown that D5 is required for the first
splicing step, release of exon 1 (E1). Several recent studies
have shown that DS is also required for the second splicing
step, in both forward (7) and reverse (34) directions. trans
splicing experiments first showed that D5 has a binding site in
the upstream region of the intron (18); D5 binding is mediated
by tertiary interactions involving some specific ribose 2'-OH
and phosphate groups of the D5 RNA backbone (1, 7). By
deleting other intron domains, it was found that domain 1 (D1)
contains important elements of the D5 binding site (21), and
recently, a region of D1 that appears to interact with the
tetraloop of D5 has been identified (9). Biochemical studies
have shown that D5 binds to substrate RNAs with a K,,, of
about 330 nM and catalyzes the release of E1 with multiple
turnovers (12, 31, 36).

Domain 6 (D6) contains the branchpoint adenosine (4-880
in intron al5vy) that attacks the 5’ splice junction (5'SJ) in the
first step of the splicing reaction (38). Although D6 is far less
conserved in both primary sequence and secondary structure
than D5, the branchpoint is typically present as a bulged res-
idue between the fourth and fifth base pairs from the base of
D6 and either 7 or 8 nt from the 3’ splice junction (3'SJ) (6, 17,
23, 24). This conserved position for D6 and the branchpoint
hints that they may play a role in defining the 3’SJ. Several
tertiary interactions that influence reaction at the 3'SJ in vitro
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(3-8’ and y-y') have been identified previously (6, 17). Re-
cently, we have found that an Rp phosphorothioate at the
3’SJ of al5vy blocks its use in splicing (27). Significantly, that
atomic replacement did not lead to splicing at alternative sites,
showing that no other location is readily activated for step 2 of
splicing by a properly folded transcript. However, mutant tran-
scripts lacking D6 perform the second splicing reaction with
reduced fidelity (15, 21), suggesting that those mutations alter
the configuration of the active site in the second step.

With frans assays to determine D5 function, it was found that
D5 positions D6 for its role in the first step of the reaction and
that attachment to DS influences branching and 3'SJ prefer-
ence when D6 and the second exon are present (10). Thus, D5
of group II introns is a critical catalytic segment that specifi-
cally interacts with D6 to position the branchpoint adenosine
for the first step of splicing. D5 has been compared with helix
I, a secondary structure formed in the spliceosome between U2
and U6 small nuclear RNAs (22), while D6 resembles the
branchpoint helix formed between U2 small nuclear RNA and
the pre-mRNA (14). Those two spliceosomal helices are con-
nected by an unstructured joiner in the U2 small nuclear RNA
sequence that might then correspond to the joiner connecting
D5 to D6 in group II introns.

The number of nucleotides in the joining segment between
D5 and D6 [hereafter termed J(56)] exhibits some variation
among group II introns (24). In group IIA introns, the most
frequent length for J(56) is 2 nt, with the dinucleotide GG
being the most common sequence. In group IIB introns (the
subgroup including al5y), the length of J(56) varies from 2 to
5 nt, with 3 nt being the most frequent. Unlike group IIA
introns, the sequence of J(56) in group IIB introns is not highly
conserved, although the residue adjacent to D5 is often a U.
There are no predicted tertiary interactions between J(56) and
any other region of the intron.

Because the D5 and D6 helices are separated by just 3 nt in
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TABLE 1. Rates of self-splicing by joiner variant transcripts

Result for:
RNA (joiner sequence) 1.5 M KCl 1.5 M (NH,),SO,
k (min™") factive r k (min™") factive r

J(56)0 0.37 0.34 0.99 0.011 0.50° >0.99
J(56)1 (A) 0.29 0.28 0.82 0.012 0.47 0.99
J(56)2 (UA) 0.17 0.39 0.99 0.015 0.55 >0.99
J(56)3 (UUA) (wild type)* 0.18 0.53 >0.99 0.30 0.59 0.96

0.20 0.43 >0.99 0.29 0.53 0.94
J(56)5AU (UAUA) 0.23 0.32 0.99 0.17 0.48 0.94
J(56)SAC (UUAUA) 0.25 0.36 0.83 0.15 0.52 0.97
J(56)5 (UUAUA) 0.21 0.38 0.95 0.025 0.52 0.99

“ The rate coefficients (k) and fractions of active transcripts (f,,.) are shown for timed experiments at 45°C in splicing buffer containing either KCI or (NH,),SO,.
The equation used for fitting to the total amount of products accumulated at various times ¢ was [(Sproducts),/(full-length transcript), _ o] = fucgve (1 — € %%). The KCI
trials were fitted for observations for 0 through 32 min, while the (NH,),SO, experiments were fitted to data for 0 through 64 min. r? is the regression coefficient of

curve fitting as calculated with the DeltaGraph software.

® The fraction active (f,cve) could not be determined independently in this experiment because of the low rate of splicing, so a reasonable value of 0.50 was used

as a fixed parameter value for curve fitting.
¢ Two wild-type transcript preparations were analyzed independently.

al5+y, we speculated that these two domains might interact via
helix stacking (10). A stacked interaction between adjacent
helices was first demonstrated in tRNAs (20) and is now known
for other RNAs, including the hammerhead ribozyme (33) and
self-splicing group I introns (26). In the absence of any evi-
dence favoring stacking between D5 and D6, it also seemed
plausible that these two largely helical domains might interact
in some parallel or side-by-side fashion (10).

Here we analyze the splicing phenotypes of variants of al5y
in which the length of J(56) is either increased or decreased.
Our observations indicate that the length of the tether con-
necting D5 to D6 is important for the rate of self-splicing, for
branching efficiency in the first step of splicing, and for accu-
rate 3'SJ definition. By using mitochondrial transformation it
was found that the joiner length is also an important parameter
in vivo. These results establish that the 3-nt J(56) is optimal for
the splicing of this intron.

MATERIALS AND METHODS

Plasmids and transcription templates. Plasmid pJD20 was the template for
transcription of the wild-type precursor RNA (18). Plasmids pJD20-J(56)0,
pID20-J(56)1, pJD20-J(56)2, and pJD20-J(56)5 are variants of pJD20 with the
designated J(56) mutations. Plasmids pJD20-J(56)5AU and pJD20-J(56)5AC are
derivatives of pJD20 constructed with the revertant sequences recovered from
the J(56)5 transformant. Wild-type D56 RNA was transcribed from a template
prepared by PCR with the pair of primers CP92-112 (5'-TAATACGACTCAC
TATAGGGAGCCGTATGCGATGAAAG-3') and CP92-113 (5'-ATCCCGAT
AGGTAGACCTTTACAAG-3') plus an input of plasmid DNA. The resulting
D56 template includes the preferred T7 RNA polymerase promoter, initiating
with a 5'-GG dinucleotide followed by D5, J(56)3, and D6 and ending with the
sequence 5'-GAU at the natural 3’ end of the intron. Other D56 RNAs were
made in the same way from the mutant allele plasmids. Transcripts containing
just DS or D6 were transcribed from synthetic, partly double-stranded templates
(12, 25). Plasmid pJD-I3'-673 was the template for transcription of the E1:D123
RNA (18) that was used in the #rans splicing experiments.

Self-splicing experiments. Transcripts were made with T7 RNA polymerase
and recovered from Sephadex-G50 spun columns for in vitro splicing reactions.
D5, D6, D56, and E1:D123 RNAs were fractionated on 20% polyacrylamide gels
and eluted from gel slices. Purified transcripts were stored frozen in water. For
self-splicing experiments, transcripts were incubated in splicing reaction buffer
containing either 20 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid [pH 7.5]), 100 mM MgSO,, or 100 mM MgCl, and either 1.5 M
(NH,),SO, or 1.5 M KClI (19, 21). For trans reactions, 30 nM E1:D123 and 600
nM D56 were incubated in 1.0 M KCI or 1.0 M NH,CI reaction buffer (31).
Reaction mixtures were incubated at 45°C, the reactions were stopped by the
addition of 10 wl of 0.1 M EDTA, and the mixtures were fractionated through
4% polyacrylamide gels. The results were determined by autoradiography and
quantitated by scanning with either a Molecular Dynamics PhosphorImager or
an Ambis model 4000 Radioanalytic Imaging System. Apparent first-order rate
constants and the fraction of active transcripts were calculated after fitting

time-series data for six (or more) timed reactions (ranging from 1 to 64 min) to
a two-component model for full-length transcripts (see Table 1 footnotes). This
model assumes that some molecules are folded correctly and therefore are able
to react without delay, while the remaining transcripts are not reactive. For the
transcripts analyzed here, the fraction of active RNA ranged from 45 to 60% for
experiments with the 1.5 M (NH,),SO, reaction buffer and from 28 to 53% for
experiments with the 1.5 M KCl reaction buffer (Table 1). The fitting calculations
were done with the DeltaGraph version 3.5 (DeltaPoint) software package.

Thermal denaturation. Thermal denaturation of D5, D6, and D56 RNAs was
monitored at 260 and 280 nm with ramp rates of 1°C min~ ' with an AVIV-14DS
spectrophotometer equipped with a Peltier cooling-heating cuvette jacket (13,
31). The maxima of the temperature-derivative curves of the hyperchromicity
profiles were defined as the characteristic transition temperatures for each RNA
sample. The experimental variation of these transition temperatures was within
+1°C. The samples had nominal 4,4, values of 0.5 at 0°C. All meltings were done
in 1.0 M KCI-20 mM HEPES (pH 7.0)-0.5 mM EDTA.

Mitochondrial transformation and genetic procedures. Mitochondrial trans-
formation was done with materials and by the overall procedures previously
described (4, 5, 28). A [rho"] derivative of strain DBY947 (MAT« ura3-52
ade2-101) was shot with 0.5-wm gold beads coated with a mixture of plasmids
pID20-J(56)5 and YEp352 (a URA3 episomal plasmid). Ura® transformants
were selected and screened for mitochondrial transformants by a test cross to
strain C2159, a mit~ mutant with a point mutation in D1 of aI5vy (2). Sectors of
Ura™ cells that could restore C2159 to growth on glycerol were subcloned and
screened again by the test cross until the pMIT (a synthetic petite mutant)
mitochondrial transformant was purified. The splicing phenotype of the J(56)5
allele of al5y was initially determined by a test cross to a mit~ mutant, C1067,
which has two point mutations in D5 and two more in D6; that cross yielded no
Gly™* progeny, indicating that the J(56)5 mutation blocks splicing.

The J(56)5 mutant allele of al5y was transferred to an intact mitochondrial
genome by mating the pMIT to the [rho "] strain MY375 (MATa ura3-52 his4A34
karl) with the mtDNA of strain GII-5v, in which the COXI gene has three
introns (al3a, al4a, and al5y). Mated cells were plated on solid medium con-
taining uracil and adenine to exclude haploid progeny with the nuclear genome
of strain MY375, and the resulting colonies were screened to identify the desired
haploid Gly ™~ (mit ) recombinants with the nuclear genome of strain DBY947.
The resulting strain, 947/GII-5+-J5, was confirmed to contain the J(56)5 muta-
tion by DNA sequencing after PCR amplification of the intron from mtDNA.
Revertants were isolated from red papillae (due to the ade2 marker) growing on
the surface of tan colonies on YEPD plates (32).

RNA filter hybridization. Yeast strains were grown in 50-ml cultures of YEP
medium containing 2% raffinose to an A4, of 2 to 5. Cultures were harvested,
and cellular RNA was prepared as described previously (37) except that the
suspension of lysed yeast cells was frozen in liquid nitrogen rather than dry
ice-ethanol. Samples containing 50 to 75 pg of RNA were analyzed on 1.2%
agarose gels containing 6% formaldehyde. Northern (RNA) blots were done as
described previously (4). Probes were prepared by using a random-primed la-
beling kit (BMB, Inc.) with cloned restriction fragments of mtDNA as templates.
The following fragments were used: the 2.7-kb PstI COXII fragment from pMT36
(35), the 1.1-kb Accl-to-Clal all fragment from pSH2, the 0.9-kb TaglI-to-BamHI
al5y fragment from pSDHS5vIVS (21), and the 0.46-kb BclI-to-EcoRT COXT
fragment from pBS(—)SER (28) that detects both exons flanking aI5y.

Amplification and primer extension methods. The sequences of the 3" ends of
al5y in site-directed mutants, transformants, and revertants were determined
after PCR amplification with primers CP92-112 and CP90-305 (see above) with
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plasmid or cellular DNA templates followed by dideoxynucleotide chain-termi-
nated sequencing (Sequenase; Amersham) from primer CP90-305. Spliced exons
in wild-type or mutant mitochondrial RNA extracted from the J(56)5 strain or its
revertants were converted to cDNAs by reverse transcription (RT)-PCR with
primers CK90-202 (5'-CACAATGGGTGGTTTAACTGG-3") and CP90-305,
cloned in plasmid pUC119, and sequenced. Spliced exon sequences were deter-
mined by a similar strategy from self-splicing reactions in 1.5 M KCI reaction
buffer of wild-type or mutant pre-mRNAs. Gel-purified PCR products were also
sequenced, without cloning, with end-labeled primers (CircumVent Thermal
Cycle Sequencing; New England Biolabs).

For the RT-primer extension experiment for which the results are shown in
Fig. 3, an unlabeled sample of the transcript for each J(56) allele was incubated
in reaction buffer containing 1.5 M KClI for 40 min at 45°C. Then, the 5’-end-
labeled 3'-exon-specific primer, yeast tRNA carrier, sodium acetate, and diethyl
pyrocarbonate (DEPC)-treated water were added, and the nucleic acids were
precipitated with ethanol. The pellet was dissolved in 30 wl of hybridization
buffer (1 M NaCl, 0.15 M HEPES [pH 7.5], 1 mM EDTA) and incubated for 4 h
at 30°C. After ethanol precipitation, each sample was dissolved in 25 .l of freshly
prepared RT mix (5 wl of 5X avian myeloblastosis virus RT reaction buffer
[Promega], 1.5 ul of deoxynucleoside triphosphate mix that contained 10 mM
(each) deoxynucleoside triphosphate, and 18.5 pl of DEPC-treated water). To
each reaction mixture, 2 pl of avian myeloblastosis virus reverse transcriptase (25
U/ul; Promega) was added before incubation at 55°C for 15 min. Reactions were
stopped by the addition of 1 pl of 0.5 M EDTA before treatment with RNase A
(2 mg/ml) at 37°C for 30 min. Nucleic acids were precipitated with ethanol and
dissolved in 6 pl of Tris-EDTA plus 6 ul of Sequenase stop buffer, and aliquots
were analyzed on sequencing gels adjacent to an appropriate sequencing ladder
as a size marker.

RESULTS

Length changes in the joining segment between D5 and D6
affect self-splicing rates. These studies of the role of J(56) in
the splicing of al5y were initiated by constructing length vari-
ants of J(56), rather than sequence variants, because the se-
quence of J(56) in group IIB introns is not highly conserved. A
plasmid containing al5+y plus its flanking exons was mutated so
that the wild-type J(56)3 (5'-UUA, positions 849 to 851 of this
887-nt intron) was changed to 0, 1, or 5 nt [J(56)0, J(56)1, and
J(56)5, respectively] (Fig. 1). The sequence 5'-UUAUA was
chosen for the J(56)5 variant; this allele avoids extending the
helix of D6, which might occur if the nucleotides added adja-
cent to D6 were able to pair with the joining segment connect-
ing D6 with E2. While that situation is potentially interesting
per se, its influence would complicate the interpretation of the
present study. The J(56)1 mutant retained a single A residue as
its J(56); while A might pair with the U preceding D5, that
nucleotide was chosen because each of the other possible
J(56)1 alleles also might add a base pair to D5 or D6.

These three variant precursor RNAs were found to be de-
tectably reactive in all self-splicing buffers tested, except for the
lowest salt condition with 10 mM MgCl, plus 2 mM spermidine
(30). Timed sets of reactions were done in a splicing buffer with
1.5 M (NH,),SO,, and the first-order rate constants are sum-
marized in Table 1. Representative results for the reactions are
shown in Fig. 2A. Lanes 1 and 11 illustrate that the wild-type
precursor yields spliced exons and intron lariats as the main
products; with this high concentration of (NH,),SO,, the
spliced exon reopening (SER) reaction converts some of the
spliced exon product to separate exon products (21, 29).

These time-series experiments showed that the apparent
rate constant for the J(56)0 variant is about 4% of that for the
wild-type RNA in (NH,),SO, splicing buffer (Table 1). Impor-
tantly, the array of products obtained with the J(56)0 mutant is
strikingly altered (Fig. 2A, lanes 2 to 4), with the clearest
differences from the wild-type transcript being the absence of
intron lariat and E2 RNAs. This mutation also abolishes
branching, but it retains some 5’SJ hydrolysis activity. The
mutant RNA also appears to be defective in using the 3'SJ.
While the separate 5’ exon product (E1) RNA is present and
has the usual length, there is very little RNA migrating near
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the position of the 3" exon product (E2) RNA. Linear inter-
mediate (IVS-E2) RNA is also evident in lighter exposures,
but the amount of IVS-E2 is not sufficient to account for all of
the E1 RNA; therefore, this mutant RNA is not blocked for
the second splicing reaction but apparently uses ectopic sites
instead. There are some products somewhat larger than E2
that could result from inaccurate 3'SJ selection (see E2* in Fig.
2 and below).

Under the (NH,),SO, splicing condition, the rate constant
of the precursor RNA with the J(56)1 change is about 4% that
of the wild-type transcript (Table 1). Like the J(56)0 mutant,
the J(56)1 variant forms no lariat RNA, but otherwise its
products (Fig. 2A, lanes 5 to 7) closely resemble those of the
wild-type precursor (lane 11). However, most splicing occurs at
incorrect sites 5’ to the standard 3'SJ (see below).

The J(56)5 variant gave a substantially different result in the
(NH,),SO, splicing buffer. While its splicing rate is about 8%
of that of the wild-type RNA, which is only slightly faster than
the other two mutants (Table 1), the J(56)5 product array was
almost normal, including spliced exon RNAs of apparently
correct size and some intron lariat RNA (Fig. 2A, lanes 8 to
10). The J(56)5 lariat RNA was purified and digested by
RNase T, to release a characteristic branched 12-mer oligo-
nucleotide, just like the wild-type lariat (3, 19). This result
indicates that branching occurs at the usual site in D6. The
distribution of spliced and separate exons is skewed toward
separate exons (relative to the wild-type transcript in lane 11),
but splice junction utilization by J(56)5 appears to be accurate
(see below).

These three J(56) variant transcripts were also analyzed in
1.5 M KCI splicing buffer. For the wild-type RNA, the KCI
reaction buffer permits rapid splicing (see Table 1) but ineffi-
cient transesterification in the first step of splicing; in addition,
KCl stimulates the SER reaction, so that separate exon prod-
ucts accumulate instead of spliced exons. In the KCI buffer, all
three derivatives were nearly as reactive as the wild-type tran-
script (Table 1). Moreover, while some lariat RNA appears in
the reaction with wild-type RNA, only the J(56)5 mutant allele
is capable of forming any lariat RNA (Fig. 2B). All three
variants show a substantial amount of the linear IVS-E2 reac-
tion intermediate, indicating that the second splicing step is
impaired by all three of these mutations. Defects in 3'SJ se-
lection, inferred from the results in Fig. 2A, are now quite
apparent for all three mutants in KCl reaction mixtures, on the
basis of the accumulation of abnormal products migrating in
the vicinity of the normal E2 RNA.

Activation of abnormal 3’ splice sites. Because the accumu-
lation of multiple E2-related products was inferred from the
mutant patterns of self-splicing products, several experiments
were done to confirm the use of abnormal 3’ splice sites. First,
an E2-specific oligonucleotide was used for primer extension
by RT of the RNA from 1.5 M KCI splicing reactions (Fig. 3).
At least six different lengths for E2 were discernible in the
spliced J(56)0 RNA (compare lanes 11 and 12), and this find-
ing agrees generally with the presence of five distinct E2*
products in lanes 2 and 3 of Fig. 2B. Accurate splicing accounts
for only a small fraction of these 5" ends (compare lane 6 with
lane 12); one site is displaced from the natural 3'SJ by just 2 nt,
but several other sites are evident at various locations in D6
(including some that appear to be more frequently used [sum-
marized in Fig. 1]). From the spliced J(56)1 products, some E2
has the canonical 3'SJ as defined by the spliced products from
wild-type transcripts (compare lanes 6 and 10), but most of the
5’ ends were displaced into the intron sequence by 1 to 3 nt,
and some minor products are even longer (compare lanes 9
and 10). For the spliced J(56)5 RNA (lanes 7 and 8), most of
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FIG. 1. Sequence and secondary structure of the 3’ segment of wild-type and mutant alleles of aI5y. The primary sequence and proposed secondary structure of
the portion of the wild-type al5y including D5, J(56), D6, J(6E2), and part of the downstream exon (E2) are shown at the top. The branch site in D6 (4-880) and the
location of the 3’SJ are indicated. The middle of the figure shows diagrams defining the J(56)0, J(56)1, and J(56)5 alleles of the intron. Arrows in each diagram of an
allele indicate the locations of 3’ splice sites detected by the in vitro reactions for which the results are shown in Fig. 3. The length and thickness of each arrow reflect
the relative use of each alternative splice site, and an asterisk indicates that the site was also present in cloned cDNAs from similar in vitro reactions. The cDNAs
sequenced included a few other splice sites that were not evident in the experiment of Fig. 3; those sites are indicated by a thin line ending in a filled circle. The J(56)5
mutant allele was transformed into mtDNA in which it showed a substantial splicing defect. The sequences of two types of spontaneous revertants of the J(56)5 mutant

are shown at the bottom.

the primer extension signal coincides with the canonical site,
but some splicing by J(56)5 is evident at abnormal sites nearby
in the E2 sequence (Fig. 1).

The 5’ ends detected by primer extension certainly reflect
E2-related products of the self-splicing reactions. We consid-
ered it unlikely that the abnormal E2-like RNAs resulted from
inaccurate SER activity, because Fig. 2 shows clearly that the
E1 RNA produced by these mutant transcripts has the correct
length. In order to confirm that these novel E2-related 5" ends
actually resulted from splicing events, cDNAs were amplified
by RT-PCR from splicing reactions with E1- and E2-specific
primers. When these initial PCR products were analyzed on

agarose gels, the majority of the spliced exon cDNA products
from the J(56)1 and J(56)5 RNAs were very close to the same
length as the cDNA from the J(56)3 transcript (data not
shown). By contrast, there was little cDNA of the standard
length from the J(56)0 reaction, but a number of longer PCR
products were obtained instead. The appearance of all of these
c¢DNAs depended on prior incubation in splicing buffer, RT,
and the addition of both primers to the PCR mixtures.

For each transcript, a cDNA fraction was excised from the
gel and sequenced with a primer that anneals to the antisense
strand of El. Every cDNA fraction revealed the complete
wild-type E1 sequence (data not shown). This result confirms
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FIG. 2. Self-splicing of pre-mRNAs containing length variants of J(56). (A) Products of self-splicing reactions in buffer containing 1.5 M (NH,),SO,. Labeled
pre-mRNAs were reacted in buffer containing 100 mM MgSO, and 1.5 M (NH,),SO, at 45°C. Samples were fractionated on a 4% polyacrylamide gel and detected
by autoradiography. Lanes 1 and 11 contain wild-type (wt) pre-mRNA [J(56)3] reacted for 5 min. Under this reaction condition, the wild-type RNA yields mostly excised
intron lariat and spliced exon RNAs as products; a portion of the spliced exon product is converted to separate E1 and E2 RNAs by the spliced exon reopening reaction.
Lanes 2 to 4, 5 to 7, and 8 to 10 illustrate the main products of reactions of J(56)0, J(56)1, and J(56)5 pre-mRNAs, respectively. For each construct, samples were
incubated for 0, 15, or 30 min, respectively. Expected product RNAs are labeled between the two panels; these are (from the top) intron lariat (LAR), pre-mRNA
(TXT), linear intron-second exon reaction intermediate (IVS-E2), linear intron (IVS-lin), spliced exons (E1-E2), separate second exon (E2), and separate first exon
(E1). Novel products include shortened linear intron (IVS*) and second exon RNAs that are shorter or longer than those in the wild-type reactions (E2*). (B) Products
of self-splicing reactions in reaction buffer containing 1.5 M KCI. Labeled pre-mRNAs were reacted in buffer containing 100 mM MgSO, and 1.5 M KCl at 45°C. The
reactions were analyzed and displayed as described for panel A. A novel product (D12*) of about 567 nt is evident in the reactions of the mutant RNAs; it results from

a postsplicing cleavage at a site in domain 2, as discussed previously (12).

the indication from Fig. 2 that the 5’'SJ choice is unaltered by
these J(56) length mutations. With the wild-type cDNA, a clear
sequence extended beyond E1 into E2. The J(56)5 cDNA
sequence was similar to that of the wild type, supporting the
conclusion that most of its splicing was accurate. However, the
J(56)0 cDNA sequence became heterogeneous immediately
after the last nucleotide of El, indicating that E1 had been
spliced to E2-containing segments at many sites. With the
J(56)1 cDNA, the sequencing pattern indicated almost no cor-
rect splicing, but instead splicing usually occurred with the
insertion of 1 or 2 nt derived from the 3’ end of the intron
between E1 and E2. These observations demonstrate an allele-
specific defect in the accuracy of 3'SJ selection that results
from the alterations in the length of J(56).

Next, several cDNAs derived from each of the mutant tran-
scripts were cloned and sequenced. While we did not sequence
enough isolates to detect every ectopic E2 site noted in the
experiment for which the results are shown in Fig. 3, we con-
firmed bona fide splicing events for at least one noncanonical
5’ end of E2-related RNAs from each mutant allele (Fig. 1). In
addition, several other splice sites that were not prominent in
Fig. 3 were also found among the sequenced cDNAs (Fig. 1).

Thermal denaturation properties of D56 RNAs. The sub-
stantial activity of all three variants of J(56) in KCl-containing
buffers shows that D5 remains functional, so we infer that the
D5 secondary structure of each RNA is not significantly al-
tered by any of these J(56) mutations. Since J(56)0 and J(56)1
effectively eliminated the D6 function in step 1, and since both
of these alleles have more dramatic effects on branching and

on the accuracy of 3'SJ utilization, it seemed possible that
these mutations might alter the structure of D6 in some way.
To test this possibility, we analyzed the thermal denaturation
profiles of RNAs containing D5 and D6 from each J(56) allele.
Thermal denaturation was monitored at both 260 and 280 nm,
and the resulting transition temperatures (7, values) are sum-
marized in Table 2.

The wild-type D56 RNA yields a distinctive biphasic melting
pattern where the lower and higher 7,, values (62.0 and
80.5°C) closely correspond to those of D6 (63.0°C) and D5
(81.0°C), respectively. These findings indicate that the two
helical structures do not interact in the wild-type D56 under
this condition in any way that alters the 7,, of either substruc-
ture significantly. These T,, values were wavelength indepen-
dent, whereas the magnitude of the temperature-induced hy-
perchromicity at 280 nm exceeded that at 260 nm, as expected
for nucleic acids containing G - C base pairs (11).

The melting profiles of D56 RNAs with the J(56)1 or J(56)5
alleles yield transition temperatures resembling those of J(56)3
D56. In the context of this experiment, it is clear that neither
of those two joiner mutations significantly alters the stability of
D6 or D5. However, the T,, profile of J(56)0 D56 is substan-
tially different from that of wild-type D56, with transitions at 55
and 90°C (Table 1). These changes suggest that J(56)0 D56 has
a more stable D5 and a less stable D6 than the wild-type D56.
Inspection of the sequence of this D56 allele (Fig. 1) indicates
that it could fold to make D5 longer by 2 bp and D6 shorter by
2 bp. In full-length transcripts prepared from the J(56)0 plas-
mid, such as were used in the experiments for which the results
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FIG. 3. Survey of 3’ splice sites used by mutant RNAs. RT-primer extension
analysis was performed either with unreacted pre-mRNAs (lanes 5, 7, 9, and 11)
or with splicing products from 30-min reactions in 1.5 M KCl-containing buffer
(lanes 6, 8, 10, and 12) with an oligonucleotide specific for E2. Experiments using
wild-type (wt), J(56)5, J(56)1, and J(56)0 RNAs are shown in lanes 5 and 6, 7 and
8, 9 and 10, and 11 and 12, respectively. Lanes 1 to 4 contain the dideoxyribo-
nucleotide sequencing reaction mixtures obtained with pJD20 DNA template by
using the same primer. The locations are shown for the standard 3'SJ, the
branchpoint in domain 6, and the wild-type J(56) region. The locations of alter-
native 3’ splice sites used in the various mutants are shown on the right and
numbered relative to the wild-type splice site as nucleotide +1; positions within
the intron are denoted as negative numbers for which the last intron nucleotide
is —1.

are shown in Fig. 2 and Table 1, that folding isomer would not
be favored because the 2 nt preceding D5 are GU; in designing
the D56 templates, we had changed GU to GG to support
better transcription by T7 RNA polymerase (25).

To test the integrity of these D56 RNAs, they were analyzed
by trans splicing with E1:D123 RNA as the substrate (8, 18).
While all of the D56 RNAs were found to be active for E1
release, J(56)0 and J(56)1 totally failed to branch in NH,Cl
reactions, but the wild-type and the three mutants with longer
J(56)s (see below) branched to various extents (data not
shown). Interestingly, the J(56)0 allele, deduced to have a D5
elongated by 2 bp, clearly retains a functional D5 because it
bound well to the substrate and promoted the 5'SJ hydrolysis
reaction about as well as wild-type D56 and D5 RNAs. Simi-
larly, an extended D5 RNA specifically designed with an extra
2 bp, ggD5cc, also functions well in this #rans assay (data not
shown).

Effects of J(56)5 mutation on splicing in vivo. The previous
sections show that the length of the spacer separating D5 from
D6 influences the rate of self-splicing, the extent of branching
in the first splicing reaction, and the efficiency and accuracy of
the second splicing reaction. Next, we wanted to determine
whether the length of the spacer is important for splicing in
vivo. In several previous studies, we have found a generally
good correlation between in vitro and in vivo phenotypes of
mutants in several regions of this intron. The J(56)5 mutant
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was chosen because it substantially alters the rate of splicing in
(NH,),SO, reactions, while its pattern of products is relatively
normal. On the basis of the results obtained with other mutants
having similarly reduced rates of self-splicing (4, 28), the J(56)5
variant was anticipated to be splicing defective in vivo.

The J(56)5 allele was transformed into a [r70°] yeast strain
(a respiration-deficient mutant lacking mtDNA). Test crosses
with the resulting synthetic petite mutant showed that the
mutant allele does not support splicing. The J(56)5 allele was
then transferred by recombination into an otherwise wild-type
mtDNA, yielding a mit~ mutant strain. RNA blots showed that
the mutant has no detectable COXI mRNA (Fig. 4A, lane 2) or
excised intron RNA (Fig. 4B, lane 2). Most of the hybridization
signal in both blots represents the 2.8-kb pre-mRNA contain-
ing all of the exons of the COXT gene plus al5vy; however, there
is some reaction at the 5’SJ, since a signal appears at the
position of the IVS-E2 RNA, as previously characterized from
in vivo RNA (28). An RT-PCR experiment was done to pro-
duce cDNA copies of in vivo mRNA from the J(56)5 mutant.
Although the PCR product was much less abundant than that
from wild-type cells, 12 clones of amplified material were re-
covered and sequenced, and all of them had the wild-type
sequence. Thus, the J(56)5 mutation reduces splicing at least
100-fold, to less than the level of detection on Northern blots,
but it does not completely abolish accurate splicing.

Sixteen spontaneous revertants of the J(56)5 mutant were
isolated, and all were found to grow well on glycerol medium
with no detectable conditional phenotype. The D56 region of
the intron was sequenced from each revertant strain, and two
classes of pseudorevertants were noted, each resulting from a
deletion of 1 nt (Fig. 1). Four strains have a 4-nt J(56) with the
sequence UAUA, because of the deletion of one of the first
two U residues (Ugyy or Ugsy) to yield an allele called
J(56)5AU. While other secondary structures might be pro-
posed, thermal denaturation of the D56 RNA containing
J(56)5AU showed that D5 and D6 are as stable in that allele as
in the wild type (Table 2). In twelve other strains, 1 of the first
2 nt of D6 (Cgs, or Cgss) was deleted. Because D6 in the
J(56)5AC allele is somewhat less stable than that in the wild
type (Table 2), it is likely that this mutant retains the 5-nt J(56)
but has its D6 shortened by 1 bp. It is curious that this change

TABLE 2. T, behavior of D5, D6, and D56 RNAs from joiner
variant transcripts

Transition temp (°C)?

EXPL 5(56) allele RNA analyzed®

Lower Higher
1 ggD5 81.0
1 ggD5cc 88.0 (+7.0)
1 gguuaDé6gau 63.0
1 J(56)0 ggD5-Dogau 55.0(—=8.0) 90.0(+9.0)
1 J(56)1 ggD5aD6gau 64.0 (+1.0) 81.0(0.0)
2 J(56)2 ggD5uaD6gau 61.5(—15) 80.8(-0.2)
1 J(56)3 ggD5uuaD6gau 62.0 (=1.0) 80.5(=0.5)
2 (WT) 62.6 (—0.4) 81.1(+0.1)
2 J(56)SAU ggD5uauaD6gau 64.5(+1.5) 80.8(-0.2)
2 J(56)5AC ggD5uuaua®“D6gau’ 58.1(—4.9) 80.8(—0.2)
2 J(56)5 ggD5uuauaD6gau 649 (+1.9) 823 (+1.3)

“ Lowercase letters indicate the primary sequences adjacent to D5 and D6.

® Numbers in parentheses are AT, values relative to that for gguuaD6gau for
the lower temperature transition and relative to that for ggD5 for the higher
temperature transition. The data shown are from two separate experiments. The
results for J(56)3 (wild type) illustrate the reproducibility of these measurements
(31). Underlining indicates controls.

°WT, wild type.

4 geD5uuaua®“D6gau is an allele of D56 lacking Cgs,, the first cytosine of D6.
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FIG. 4. RNA analysis of splicing in vivo by aI5y of the COXT gene. Total
cellular RNA was isolated from cultures of yeast strains grown in raffinose-
containing medium carrying the wild-type (wt), J(56)5, J(56)SAC, and J(56)5SAU
alleles of intron al5y. Samples were fractionated on agarose gels containing
formaldehyde, transferred, and hybridized with radiolabeled probes specific for
the COXT exons (A) or intron al5y (B). The same amount of RNA from each
preparation was also hybridized with a probe specific for the COXII gene, a
mitochondrial gene that is transcribed separately from the COXI gene. That filter
was quantitated, and the relative levels of COXII mRNA are 1.0, 0.6, 0.5, and 0.6
for lanes 1 to 4, respectively. The main RNA species are labeled; these are the
2.8-kb pre-mRNA containing COXT exons plus al5vy, the 1.9-kb COXT spliced
mRNA, and the 0.9-kb excised intron RNA (IVS). IVS-E2 is the partially spliced
reaction intermediate; it is most evident in the samples from the mutant strains.
Two other RNAs labeled A and B are discussed in the text.

in D6 length partially compensates for the inhibitory effect of
lengthening J(56).

Next, the COXI transcripts accumulated in the representa-
tive pseudorevertant strains were characterized. The RNA
blots in Fig. 4 show that the revertants have readily detectable
levels of COXI mRNA (Fig. 4A, lanes 3 and 4). It is especially
evident from Fig. 4B that splicing is still inhibited, because
much more unspliced precursor RNA is present in the rever-
tants than in the wild-type strain. Also, about 30% of the
unspliced RNA present in each sample is at the position of the
IVS-E2 intermediate, indicating that each revertant is rather
deficient for the second step of splicing. Two other RNAs are
evident in the revertant strains (bands A and B). Band A is
probably a pre-mRNA that contains an unspliced intron in
addition to al5y; in a previous in vivo study of other al5y
mutant alleles, we noted that the splicing of some other introns
can be somewhat slowed (3). Band B is a minor RNA in the
pattern of Fig. 4A; since it does not contain alSy sequences
(compare panels A and B), band B was not characterized
further.

Because the J(56)SAU and J(56)SAC revertants grow well
on glycerol medium, at least some of the mRNA must result
from accurate splicing. But since three J(56) mutants were
shown to have impaired 3’SJ selection in vitro (described
above), we tested these partially functional revertants for ac-
curate splicing. RT-PCR was done in four separate trials to
amplify cDNAs from spliced mRNAs present in samples of in
vivo RNA from the wild-type, J(56)5AU, and J(56)5AC strains.
The resulting material was cloned, and at least three clones
were sequenced from each sample of amplified material. Over
20 clones from each revertant were sequenced. All of the
clones from the revertants contained the wild-type spliced exon
sequence, showing that most, if not all, splicing occurs accu-
rately in these strains.

MoL. CELL. BIOL.

Both the J(56)5AU and J(56)5AC alleles were constructed
by site-directed mutagenesis from the wild-type plasmid, and in
vitro transcripts were analyzed for their patterns and rates of
splicing in vitro. As shown in Table 1, both alleles are improved
for self-splicing in the (NH,),SO, buffer by about sixfold com-
pared with their J(56)5 parent, but they remain about twofold
slower than the original wild-type transcript. These mutant
alleles are quite proficient at executing the first reaction by
branching in the (NH,),SO, buffer, and they even produce
some intron lariat in the KCI reaction buffer (data not shown).
However, both alleles accumulate measurable amounts of the
IVS-E2 intermediate under both reaction conditions, a prod-
uct that is diagnostic of a decrease in the rate of the second
step of splicing. The remaining J(56) length of 2 nt (sequence
UA) was also constructed and tested for its rate and pattern of
self-splicing (Table 1). The J(56)2-UA allele closely resembled
the J(56)5 mutant already analyzed in terms of its pattern of
products and rate effects. The product patterns generated by
the revertant alleles and the J(56)2-UA variant showed no
abnormal RNAs that would suggest a defect in accurate 3'SJ
utilization, although the rate decrease noted above suggests
some problem in positioning the 3'SJ for step 2 of splicing.

DISCUSSION

The results of this study show that the length of the joiner
between D5 and D6 is an important parameter that affects the
splicing reactions of a group II intron. Mutations that shorten
or lengthen J(56) have dramatic effects on the self-splicing rate
under conditions in which the first splicing reaction for the
wild-type intron occurs almost exclusively by transesterification
[100 mM MgSO, plus 1.5 M (NH,),SO,]. Two mutants with
shortened joiners, J(56)0 and J(56)1, achieve no detectable
branching in self-splicing reactions; the J(56)2 mutant makes
some lariat product but mostly performs the first reaction by
hydrolysis. Those mutant RNAs are blocked for first-step
transesterification in KCl-containing reaction mixtures, in
which the wild-type transcript yields about 30% intron lariat.
Lengthening J(56) to 5 nt reduces the level of branching under
both reaction conditions but does not eliminate it. The phe-
notypes of these mutants are similar to that of the AD6 mutant
of this intron, from which D6 has been deleted (21). Interest-
ingly, the AD6 mutant has a less-deranged phenotype than all
but two of the joiner mutations, the two revertants of J(56)5.
The results of this study indicate that these J(56) length
changes have altered the arrangement of D5 relative to that of
D6. Furthermore, this rearrangement has also disturbed the
proper relationships of 3’SJ and E2 with the active center of
the ribozyme.

From the results of the time course experiments with both
reaction buffers, we conclude that all of these joiner mutations
substantially inhibit the rate of the second step of splicing. This
result is shown by the accumulation of more of the IVS-E2
splicing intermediate than excised intron RNA at short times
of reaction. This effect is particularly clear for reactions in
KCl-containing buffers, in which the measured rate constant of
the first splicing reaction is close to normal. As noted previ-
ously for the wild-type intron (16, 17), the first-step reaction is
much slower than the second-step reaction. Thus, a rather
large decrease in the rate of the second step is required for a
given mutation to exert only a small effect on the rate of the
first reaction yet lead to accumulation of the IVS-E2 interme-
diate.

Several of the joiner mutations reduce the accuracy of 3'SJ
selection. The J(56)0 mutant is almost completely deficient in
using the canonical site. In this mutant, it appears that the
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correct arrangement of D5 relative to that of D6, which is
evidently needed for accurate splicing, is achieved only rarely.
Furthermore, the J(56)0 RNA does not use some alternate
splice site consistently; instead, it splices detectably at multiple
sites in the vicinity of the canonical 3'SJ (Fig. 1). While the
J(56)1 mutant achieves some accurate splicing, most of its
splicing occurs at one of several alternate sites within the 3’
sequence of the intron. This may mean that the J(56)1 allele
permits a relatively stable arrangement of D5 and D6 that
consistently presents the wrong sequence to the second-step
active center. In comparison, the AD6 mutant is less impaired
for 3'SJ selection, with the wild-type splice site being used most
of the time (21). The AD6 mutant inefficiently uses three al-
ternate sites, two upstream and one downstream of the usual
3’SJ, and one of these alternate sites is the same as the main
splice site chosen by the J(56)1 mutant.

The J(56)5 mutant usually splices accurately in vitro, and its
rather inefficient splicing in vivo is nevertheless quite accurate.
However, some inaccurate splicing occurs in vitro at sites in E2
several nucleotides from the wild-type splice site. Although
inaccurate splicing by both the J(56)1 and J(56)5 mutants is
within several nucleotides of the wild-type site, the J(56)1
mutant uses sites upstream of the standard site while the
J(56)5 mutant uses downstream positions. Presumably, these
two J(56) variants convert the 3’ end of the intron to different
structures, each competent for accurate first-step reactions but
aberrant in distinct ways in the second-step reaction.

If one compares all of the 3’ splice sites used by these three
J(56) mutants, ectopic splicing occurs within 13 different
trinucleotides (Fig. 1). Because the sequence of the natural
3’SJ (AUIA) is not present except at the usual 3’ end of the
intron, all of the alternative splices sites differ by at least one
position from this trinucleotide. Earlier research has indicated
that the y-y' and internal guide (8-8') interactions are impor-
tant for 3'SJ selection (15, 17). The wild-type 3'SJ and the
upstream nucleotides involved in those interactions are
present and unaltered in these J(56) length mutants, but even
so the usual 3'SJ is almost completely ignored, especially in
J(56)0 and J(56)1 RNAs. Only a few of the alternate sites
support both the y-y" or 8-8' interactions, but it may be sig-
nificant that two of those sites [GUIA in J(56)0 and CUIA in
J(56)5] are used relatively efficiently. The site used most fre-
quently in J(56)1, GGIA, can support the 3-8’ interaction. It
has also been shown that the first (G,) and penultimate (4-
886) intron bases may interact to influence the rate of the
second step when splicing proceeds via branched intermediates
(6). For the mutants analyzed here, the most efficiently used
alternate 3’ splice sites provide relatively poor partners for G,.
However, it is not unexpected that most of the ectopic 3’ splice
sites for J(56)0 and J(56)1 do not support the G,-4-886 inter-
action, since those mutants do not branch at all.

Because J(56)5 usually splices to the wild-type site, it is likely
that D5 and D6 interact correctly at least some of the time. The
findings that detectable branching occurs in (NH,),SO, buffer
and in trans assays (data not shown) also support this idea.
Perhaps an additional slow isomerization step for positioning
D6 is required for the J(56)5 RNA to undergo transesterifica-
tion in the first step of splicing. Presumably, the first-step
reaction center contains at least E1, D5, and D6. Moreover,
the structure of D56 from J(56)5 interferes with binding in
trans, as shown by a K, that is severalfold higher than that for
wild-type D56 (data not shown). We think it is also likely that
the J(56)5 mutation interferes with the formation of the active
center for the second step of splicing, presumably containing
E1, D5, and the 3'SJ. This reaction center may form slowly, or
perhaps E1 and D5 may bind correctly while the site for the
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3’SJ remains vacant most of the time. The resulting step 2
delay allows splicing intermediates to accumulate detectably
and also permits incorrect RNA sequences to enter the active
site and participate in splicing inappropriately.

The in vivo experiments show that a longer joiner is incom-
patible with efficient splicing. The J(56)SAU revertant of
J(56)5 probably has a 4-nt joiner. While that mutant allele
splices accurately and efficiently enough to support respiratory
growth, the RNA blot analysis shows that it remains somewhat
defective for splicing, splicing al5y from only about 50% of the
COXI transcripts. Also, the IVS-E2 RNA intermediate is evi-
dent, indicating a second-step defect. Similar defects were also
noted in the self-splicing reactions of this allele (data not
shown). Thus, loss of 1 nt from J(56)5 restores a reasonably
efficient reaction in the first step, but that 4-nt joiner still
interferes with the second splicing reaction. On the basis of the
T,, analysis of its D56 RNA, the other revertant allele,
J(56)5AC, probably has a modified D6 rather than a shortened
J(56) tether (Table 2). The J(56)SAC mutant grows well on
glycerol medium, and its splicing phenotype is clearly interme-
diate between those of J(56)5 (splicing negative) and J(56)SAU
(splicing positive but with a second-step defect). Since the
J(56)2 allele is also defective in vitro for splicing in (NH,),SO,
buffer, we conclude that a J(56) of 3 nt provides the optimal
separation between D5 and D6 in this intron.

It is interesting that the J(56)2 and J(56)5 mutants splice
mostly accurately and with branching in (NH,),SO, buffer but
with substantially reduced rates. This finding suggests that
these mutations allow a nearly normal interaction between D5
and D6 but that branchpoint A of D6 is out of position, per-
haps only slightly. It would appear that molecules in which D6
is not positioned correctly are prevented from engaging in the
first-step reaction by hydrolysis and that they need to move D6
into a more nearly correct position for splicing to be initiated
by branching. Notably, increased hydrolysis does not simply
compensate for the rate difference when transesterification is
slowed by these mutations.

It was anticipated that the results of this study would help us
to distinguish between two models for the arrangement of D5
relative to D6. Those models are designated the stacked versus
the parallel arrangement of the helices. It seemed likely that
shortening J(56) would tend to promote helix stacking at the
expense of interactions in parallel. It was found that the three
mutants with shortened J(56) sequences had the most-severe
negative effects, as assayed by D6 function in branching. Those
observations can be interpreted as indicating that D5 and D6
helices probably do not stack in the wild-type RNA.

On the other hand, if D5 and D6 normally align side by side,
it seemed likely that lengthening J(56) might not interfere with
their interaction, especially if it is stabilized chiefly by specific
contacts between residues in D5 and D6. Our findings that a
5-nt J(56) is rather deficient in vitro and is almost totally
inactive for splicing in vivo suggest that the interaction be-
tween D5 and D6 is not chiefly determined by specific contacts
between them. At the outset, we had not considered the pos-
sibility that J(56) itself may play a direct role in positioning D5
relative to D6. The notion that J(56) interacts directly with one
or both of these two domains is being tested by on-going
experiments.
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