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DNA sequence analysis of the bt2-7503 mutant allele of the
maize brittle-2 gene revealed a point mutation in the 5* terminal
sequence of intron 3 changing GT to AT. This lesion completely
abolishes use of this splice site, activates two cryptic splice sites,
and alters the splicing pattern from extant splice sites. One acti-
vated donor site, located nine nt 5* to the normal splice donor site,
begins with the dinucleotide GC. While non-consensus, this se-
quence still permits both trans-esterification reactions of pre-mRNA
splicing. A second cryptic site located 23 nt 5* to the normal splice
site and beginning with GA, undergoes the first trans-esterification
reaction leading to lariat formation, but lacks the ability to partic-
ipate in the second reaction. Accumulation of this splicing interme-
diate and use of an innovative reverse transcriptase-polymerase
chain reaction technique (J. Vogel, R.H. Wolfgang, T. Borner [1997]
Nucleic Acids Res 25: 2030–2031) led to the identification of 3*

intron sequences needed for lariat formation. In most splicing re-
actions, neither cryptic site is recognized. Most mature transcripts
include intron 3, while the second most frequent class lacks exon 3.
Traditionally, the former class of transcripts is taken as evidence for
the intron definition of splicing, while the latter class has given
credence to the exon definition of splicing.

The accurate removal of introns from the primary tran-
script is a fundamental process essential for the expression
of eukaryotic genes. It is a two-step trans-esterification
reaction. The first reaction involves cleavage of the 59 ter-
minal nucleotide of the intron with subsequent covalent
linkage to an adenosine at the branch point within the 39
portion of the intron. This results in formation of the so-
called lariat structure. The second step involves cleavage at
the 39 intron splice site, release of the intron lariat, and
ligation of the two adjacent exons. The lariat is then quickly
de-branched and degraded (Moore and Sharp, 1993;
Brown, 1996; Simpson and Filipowicz, 1996). This dynamic
and complex process is carried out in association with a

large ribonucleosome protein complex termed a spliceo-
some (for review, see Moore et al., 1993; Sharp, 1994).

Although introns are ubiquitous and share a high degree
of structural/sequence similarity across species, the signals
that specifically define splice sites are not completely un-
derstood. Some conserved but short terminal sequences
within introns function in intron splicing. Virtually all
introns begin with the dinucleotide GU and end with AG
(Green, 1991; Moore et al., 1993). In yeast, introns possess a
highly conserved branch point sequence UACUAAC 10 to
50 nt upstream of the 39 splice site. This pairs with the U2
snRNP and plays an integral role in recognizing 39 splice
sites (Parker et al., 1987). In contrast, vertebrates possess a
less-conserved branch point sequence, CURAC, located 18
to 40 nt upstream of the 39 splice site (Green, 1991). This
also pairs with U2 snRNP (Wu and Manley, 1989; Zhuang
and Weiner, 1989). In addition, vertebrate introns possess a
unique, 10- to 15-nt polypyrimidine tract located near the
39 end that interacts with splicing factor U2AF during early
spliceosome assembly. This aids the binding of U2 snRNP
to the branch site (Ruskin et al., 1988).

The lack of an in vitro system capable of efficiently
splicing plant introns has considerably hampered studies
of plant pre-mRNA splicing (for review, see Simpson and
Filipowicz, 1996; Brown and Simpson, 1998). Despite sim-
ilarities in sequence and in the splicing process, animal
introns are not efficiently spliced in plant cells and vice
versa (Barta et al., 1986; van Santen and Spritz, 1987; Pautot
et al., 1989). Splicing differences also distinguish monocots
and dicots. A series of studies suggests that the monocot
splicing machinery is more flexible or more complex, since
dicot introns are efficiently spliced in monocots, whereas at
least some monocot introns are not spliced in dicots (Keith
and Chua, 1986; Goodall and Filipowicz, 1991). Splicing
within dicots may in fact be species dependent, since Ara-
bidopsis and tobacco apparently differ in the splicing of
transcripts arising from a transgenic maize transposable
element, Ac (Jarvis et al., 1997; Martin et al., 1997; for
review, see Brown and Simpson, 1998).

Particular structural and sequence features distinguish
plant introns from those of vertebrates and yeast. Plant
introns lack the conserved branch point sequence of yeast
and the 39 polypyrimidine tract typical of vertebrate in-
trons (Goodall and Filipowicz, 1991; Luehrsen and Walbot,
1994). The high A1U content of many plant introns likely
plays a role in splicing, possibly through defining intron/
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exon junctions (Lou et al., 1993; McCullough et al., 1993;
Carle-Urioste et al., 1994; Luehrsen and Walbot, 1994).
However, some monocot introns are GC rich and, hence,
the requirement for AU richness may be more stringent in
dicots (Goodall and Filipowicz, 1989, 1991).

Identification of the branch point has also been problem-
atic in plants. While branch point consensus motifs as
defined in vertebrates can be found in the majority of plant
introns (Brown, 1986; Simpson et al., 1996), an AU-rich
synthetic plant intron devoid of a branch point sequence or
a polypyrimidine tract is efficiently processed in tobacco
protoplasts (Goodall and Filipowicz, 1989, 1991). However,
Simpson et al. (1996) reported that mutation of the adeno-
sine residue within the putative branch point dramatically
decreased the splicing efficiency of several introns of both
monocot and dicot origin when expressed in tobacco pro-
toplasts. Only recently has the mapping of a branch point
nucleotide and direct evidence for lariat formation in
plants appeared (Liu and Filipowicz, 1996).

Another area of uncertainty concerns the initial recogni-
tion of exon/intron borders. Two models exist. One model
is the exon definition for splice site selection, which argues
that the interaction between factors bound to the 59 and 39
ends of one exon determines the splice site selection (Ber-
get, 1995). A prediction of this model is that an alteration at
either the 59 or the 39 splice site of an exon can disturb these
interactions, resulting in blocked splicing at both sites. As
a result, the splicing mechanism removes the two adjacent
introns and the mutant exon in one splicing reaction (An-
toniou, 1995). This gives rise to the absence of the exon in
the mature transcript (“exon skipping”). The contrasting
model is the intron definition of splicing. Here initial rec-
ognition involves sequences within introns. Once the initial
recognition takes place, sliding occurs in both directions
and sites competent for splicing are used in the processing
event. A prediction of this model is that mutational re-
moval of a wild-type splice site will sometimes activate
normally silent or cryptic splice sites in close proximity to
the mutant. This results in mature transcripts lacking exon
termini or containing intron termini. If such cryptic splice
sites are not activated, the entire intron is found in the
mature transcript, giving rise to intron inclusion.

While most of the early studies of splicing mutants in
vertebrates favored the exon definition of splicing (mutants
exhibited exon skipping, as reviewed by Berget [1995]),
initial reports from plants favored the intron definition of
splicing (Goodall and Filipowicz, 1989; Lou et al., 1993;
McCullough et al., 1993). One factor possibly important in
explaining this difference concerns the relative size of ex-
ons and introns. Vertebrate introns can be quite large com-
pared with adjacent exons. In contrast, plant introns are
shorter relative to their counterparts in vertebrates and are
comparable in size to their adjacent exons. If size is impor-
tant, then mutants exhibiting exon skipping should be
found in plants. In accordance, exon skipping has been
demonstrated recently in a number of Arabidopsis mutants
(Brown, 1996; Simpson et al., 1998; for review, see Brown
and Simpson, 1998) and in one maize mutant (Lal et al.,
1999).

The brittle-2 (Bt2) locus in maize encodes the small sub-
unit of endosperm ADP-Glc pyrophosphorylase, a key reg-
ulatory heterotetrameric enzyme in the starch biosynthetic
pathway. Null mutants dramatically reduce the starch con-
tent of the mature kernel, causing a collapsed, shrunken, or
brittle phenotype (Hannah and Nelson, 1976). Northern
analysis of several bt2 mutants showed that they produce
multiple or non-wild-type-sized transcripts (Giroux and
Hannah, 1994). Since Bt2 contains nine introns (J. Shaw and
L.C. Hannah, unpublished data), it is likely that at least
some of these mutants harbor RNA processing defects.

We have deciphered the bt2-7503 mutant and demon-
strate that a single splice site mutation in bt2-7503 evokes
both intron retention and exon skipping in the mutant
transcript. We also note utilization of cryptic, non-
canonical splice sites. One such site undergoes the first but
not the second trans-esterification reaction of splicing. We
took advantage of the resulting accumulation of the intron
lariat in the mutant and used a novel reverse transcriptase
(RT)-PCR technique to precisely map the first branch point
nucleotide sequence in a monocot. This branch point bears
little resemblance to branch points in other organisms in-
cluding Arabidopsis.

MATERIALS AND METHODS

Plant Material

Plant material was grown and maintained in the green-
house or in the field at the University of Florida (Gaines-
ville). The mutant bt2-7503 (a kind gift from Dr. Oliver
Nelson, University of Wisconsin, Madison) was described
previously (Hannah et al., 1980; Giroux and Hannah, 1994).
The wild-type Bt2 allele used in this study was originally
isolated from McClintock’s a1-m3 stock (Giroux et al.,
1996).

RNA Isolation and Northern-Blot Analysis

Total RNA from 20-d post-pollinated kernels was iso-
lated as described previously (McCarty, 1986). Total RNA
(10 mg per lane) was resolved on 1.3% (w/v) agarose gels
following standard protocols (Maniatis et al., 1982) and
capillary transferred onto a Hybond N1 membrane (Am-
ersham, Uppsala) as suggested by the manufacturer. Hy-
bridization was performed in 0.5 m Na2HPO4 (pH 7.2), 7%
(w/v) SDS, and 1% (w/v) BSA following the protocols of
Church and Gilbert (1984). PCR products spanning exon 1
to 3 or exon 4 to 10 of Bt2 cDNA were labeled with
[32P]dCTP using a DNA-labeling system (RTS RadPrime,
Life Technologies, Cleveland). Blots were re-probed after
two washes with 0.13 SSC and 1% (w/v) SDS for 15 min at
90°C, and an overnight exposure on film to ensure removal
of the probe.

Branch Point Mapping

Identification of the intron 3 lariat branch point of bt2-
7503 was fashioned after the protocol described for branch
point determination of group II introns (Vogel et al., 1997).
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A RT kit (Superscript, Bethesda Research Laboratories,
Gaithersburg, MD) and protocol were employed. Total
RNA (5 mg) from bt2-7503 endosperm was subjected to
first-strand synthesis using the primer Lo1 (59-GGACCAT-
TGTAGTG AGATTTTGG-39) at 45°C for 50 min in a 20-mL
reaction volume. This primer is complementary to 59 se-
quence of intron 3. Following placement at 70°C for 15 min
to terminate first-strand synthesis, half of the reaction (10
mL) was transferred to a fresh tube and subjected to RNase
H (1.5 units, Bethesda Research Laboratories) digestion at
37°C for 20 min. RNase H (2 mL)-treated and non-treated
first-strand reactions were separately subjected to PCR am-
plification in a 50-mL reaction containing sense Up1 primer
(59-GTCATCCTTTGT TCAAAGAG-39) and nested antisense
Lo2 primer (59-GTCATGCAACTCTATTCCTACA-39). A
diagram of primer placement and the products synthesized
is given in “Results.”

After incubation at 94°C for 5 min, 40 cycles of amplifi-
cation were followed by an extension at 72°C for 8 min.
Products were resolved on a 1% (w/v) agarose gel, excised,
and purified on columns (Ultrafree-MC, Millipore, Bed-
ford, MA) according to the protocol provided by the man-
ufacturer. Fragments were directly sequenced in both di-
rections, as well as after cloning into pBluescript KS1.
Sequencing was done at the University of Florida Interdis-
ciplinary Center for Biotechnology Research DNA Se-
quencing Core Laboratory using a dye-terminating system
(Prism, Applied Biosystems, Foster City, CA).

PCR Amplification of bt2-7503 Genomic Sequence

Genomic DNA was isolated from bt2-7503 leaves using
reagent (Plant DNAzol, Bethesda Research Laboratories)
according to the manufacturer. DNA (1 mg) was used as a
template in a 50-mL reaction containing primers 7503Up
(59-GGGCACATTAATCGCTATCAAGAC-39) and primer
7503Lo (59-AGGTGGCA GGTGTCGAGGTTG-39). These
are complementary to the intron 2 and exon 6 sequence of
Bt2 gene, respectively (J. Shaw and L.C. Hannah, unpub-
lished data). Optimization of the PCR conditions was done
using an optimization kit (Opti-Prime PCR, Stratagene, La
Jolla, CA). A single fragment of approximately 2.1 kb was
amplified only when the reaction contained 1 unit of ad-
junct (Perfect Match, Stratagene). This fragment was cloned
in pBluescript KS1 and sequenced in both directions.

RT-PCR Analysis of Mutant bt2-7503

Total RNA (1 mg) from the wild type and bt2-7503 were
subjected to RT-PCR amplification using primers BT375
(59-GCAAACCATGGCTTTGGCGTCTAAAGCCTCCCCTC
CGCCATG GAATGCCACCGCCG-3) and BT378 (59-CCC
CGACGTCATCATATAACTGTTCCACTAGGG-39). These
primers are complementary to 59 and 39 non-translated
sequences of Bt2 cDNA. Products were resolved on 1%
agarose gel, blotted onto a membrane, and probed with
full-length Bt2 cDNA probe. The fragments were excised
from the gel and sequenced in both directions.

RESULTS

The Lesion of Mutant bt2-7503 Is a GT to AT Base
Change at the 5* Splice Site of Intron 3

The mutant bt2-7503 (obtained from Dr. O. Nelson) arose
spontaneously and exhibits a severe bt2 phenotype. Previ-
ous northern analysis of this mutant demonstrated that it
produces an abundant transcript slightly larger than wild
type, and at least one smaller transcript of much lower
abundance. It does not produce a detectable BT2 protein, as
judged by western analysis (Bae et al., 1990; Giroux and
Hannah, 1994). Genomic Southern analysis revealed no
obvious insertion (data not presented). Since Bt2 contains
nine introns, we investigated the possibility that the pri-
mary lesion of the mutant might involve RNA processing.
RNA from the mutant and from the wild type was sub-
jected to RT-PCR using oligo-dT to prime first-strand syn-
thesis. Primers that amplify the entire coding region of Bt2
were then employed for PCR. Resulting PCR products
were subjected to electrophoresis, blotted, and probed with
a full-length Bt2 cDNA probe.

A major band of approximately 1.8 kb (type I) and two
minor bands of approximately 1.4 kb (type II) and 1.1 kb
(type III) were amplified from bt2-7503 RNA, whereas a
single fragment of approximately 1.4 kb was amplified
from the wild type (Fig. 1A). Sequencing of type I tran-
script showed that it retained intron 3. These sequence data
also revealed a G 3 A alteration at the 59 splice site of
intron 3. Type II transcript lacked 9 nt normally present in
the 39 portion of exon 3. Here, splicing employed a cryptic,
non-canonical donor splice site, GC, in exon 3, 9 nt up-
stream of the exon 3/intron3 junction and the normal
acceptor site of exon 3. Type III lacked exon 3. The donor
site following exon 2 and the acceptor site preceding exon
4 participated in the splicing event. A diagram of these
splicing events is shown in Figure 1B.

To confirm the lesion underlying the bt2-7503 mutation,
genomic DNA corresponding to the region of alterations in
the transcripts—intron 2 to exon 6—was isolated via PCR
and sequenced. Comparison of the mutant sequence with
the wild-type Bt2 allele revealed only the point mutation of
G to A at the 59 splice site seen in the type I transcripts.

Northern Analysis of Mutant bt2-7503 Transcripts
Suggests Accumulation of Splicing Intermediates

Because alterations in the invariant 59 GT dinucleotide of
introns sometimes lead to accumulation of splicing inter-
mediates, we asked whether bt2-7503 exhibited this pheno-
type. Electrophoresed and blotted wild-type and bt2-7503
total RNAs were probed with portions of the Bt2 coding
region. A full-length cDNA probe hybridized to three prev-
alent mutant transcripts of 0.75, 1.8, and 2.6 kb and a single
2.2-kb wild-type transcript (Fig. 2, right). A 59 probe com-
prising exon 1 to 3 hybridized to the three mutant tran-
scripts (Fig. 2, left), whereas the 39 probe spanning exon 4
to 10 hybridized strongly only to the two larger mutant
transcripts (Fig. 2, middle). The 2.6- and 1.8-kb bands cor-
respond in size to type I and type III transcripts, respec-
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tively. The 0.75-kb transcript, however, contains only the 59
end of the wild-type transcript, suggesting that it may
represent transcripts somehow blocked in the splicing
pathway.

Mapping of the Branch Point in Intron 3 of Mutant
bt2-7503 Transcript

To investigate whether there is a population of bt2-7503
RNA blocked in splicing and possibly containing a lariat
intermediate, we employed an RT-PCR procedure recently
developed by Vogel et al. (1997) for use in their studies to
map the branch point nucleotide of group II introns. This
method exploits the property of RT to read through the
29-59 linkage in templates such as that involved in lariat
formation of pre-mRNA splicing. The procedure is out-
lined in Figure 3A. An antisense primer (Lo1 in Figs. 3A
and 4A) complementary to the 59 end of the intron can
synthesize DNA that continues through the branch point
during first-strand synthesis. The resulting single-stranded
DNA encompasses the branch point. This DNA can then be
amplified by use of one primer lying in the same orienta-
tion as the first primer (Lo2 in Figs. 3A and 4A) and a
second primer (Up1) lying in the sense orientation further
39 relative to the RNA.

Figure 2. RNA blots of wild-type and bt2-7503 RNA. Total 20-d
post-pollination endosperm RNA was subjected to electrophoresis,
blotting, and hybridization with exons 1 to 3 of Bt2 cDNA (left). The
blot was stripped and re-probed with exons 4 to 10 (middle) and then
with the full-length Bt2 cDNA probe (right). Molecular mass markers
are shown on the left.

Figure 1. RT-PCR analysis of mutant bt2-7503 transcript. A, Total endosperm RNA from the wild type and from bt2-7503
was subjected to RT-PCR using primers spanning exons 1 to 10 of the Bt2 transcript. Products were resolved on a 1% agarose
gel, blotted, and probed with the full-length Bt2 cDNA probe. Fragments from the mutant were excised and sequenced.
Schematic representations of the bt2-7503 RT-PCR products are shown. *, Region missing nine nucleotides from the 39
portion of exon 3. B, Schematic representation of the genomic sequence bearing the splice site alteration of the mutant
bt2-7503. Exon and intron sequences are given in capital and small letters, respectively. The mutant splice site nucleotide
in intron 3 is marked by a downward arrow. Arrows joined by lines mark the donor and acceptor site utilized during splicing.
#, Intron 2 is spliced normally in type II transcript; *, intron 3 is not spliced in type I transcript.
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Total RNA from bt2-7503 was subjected to first-strand
synthesis using the Lo1 primer and then amplified using
the nested primers Lo2 and Up1 (Fig. 3A). This resulted in
the synthesis of a 287-bp fragment (Fig. 4B). Omission
of the RNase H digestion step resulted in a slight increase
in the abundance of this fragment (Fig. 4B). Wild-type
endosperm RNA used as a control in these experiments did
not amplify any PCR product. The resulting 287-bp frag-
ment from independent PCR reactions was directly sub-
jected to several runs of sequencing in both directions. The
resulting sequence chromatograms show that this fragment
is a homogeneous population. This was further confirmed
by sequencing several independent clones of this fragment.
The branch point nucleotide A resides 23 nt 59 to the splice
site of intron 3. Furthermore, the donor site for this splicing
event was not the mutant AT at the 59 splice site of intron
3, but rather the dinucleotide GA located 23 nt 59 to the 39
splice site of exon 3. Here the G residue at position 223 of
exon 3 was covalently linked to the branch point nucleo-
tide. The sequences involved are shown in Figure 4A. We
also noted the misincorporation of adenine instead of thy-
mine at the branch point nucleotide, which Vogel et al.
(1997) also found in their studies of group II introns. This
39 splicing intermediate, while detectable, is apparently
quite unstable. On northern blots, the 39 portion with a size
of 1.2 kb is barely detectable.

The Reason for the Lack of a BT2 Protein in This Mutant
Is Not Obvious

While the type I transcript contains a premature termi-
nation codon within intron 3, and hence would not be
expected to encode a protein bearing enzymatic activity or

appreciable antigenic activity, type II and III transcripts
lack 9 and 270 nt, respectively, and therefore maintain
translational continuity. We note that while transcript type
II differs from wild type only by the deletion of three
amino acids, these amino acids lie in a region involved in
binding of the substrate, Glc-1-P (Fu et al., 1998), and hence
are likely to be critically important for enzymatic activity.
Sequence analysis, however, does not provide a ready ex-
planation for the absence of BT2 protein in this mutant.
Perhaps none of the mutant proteins can form tetramers
with the SH2 protein and so the BT2 proteins are more
susceptible to protease cleavage. Evidence favoring rapid
turnover of AGP monomeric subunits has been presented
previously (Giroux and Hannah, 1994; Greene and Han-
nah, 1998).

DISCUSSION

Plant pre-mRNA processing is not well understood, pri-
marily due to lack of an in vitro system efficient in splicing
plant introns. Therefore, most of the research has pro-
gressed using transient assay systems. While transient as-
says have given significant insight into the process of plant
pre-mRNA splicing, this approach has certain limitations
(for review, see Brown and Simpson, 1998). In our efforts,
we focus on naturally occurring splicing mutants in highly
expressed genes. Our studies of the mutant bt2-7503 have
uncovered a number of important features concerning
splicing. The defining mutation in bt2-7503 is a GT to AT
transition at the 59 splice site of intron 3. This single mu-
tation completely abolishes the use of this splice site, alters
splicing from extant splice sites, and activates two non-
canonical splice sites. Of these, only one can complete both

Figure 3. Branch point mapping strategy and
the structure of the intron lariat intermediate. A,
The RT-PCR strategy employed for mapping
branch point sequence is outlined. The intron 3
lariat is represented by a blue line. Red arrows
represent the positions of the primers used dur-
ing RT-PCR. First-strand DNA synthesized with
primer Lo1 is represented by a broken blue line.
Primers Lo2 and Up1 were employed for subse-
quent amplification. B, Schematic representa-
tion of the lariat intermediate during processing
of mutant bt2-7503 transcript. The regions cor-
responding to exons 1 to 3 and to intron 3 in the
form of a lariat attached to the downstream
exons are shown. Informative sequences of the
intron lariat and of exon 4 are presented. Exon
and intron sequence are in capital and small
letters, respectively. The G residue at the 223
position of exon 3, which forms a covalent link-
age with branch point residue A at 223 position
of intron 3, is shown in bold type. Residue a at
the 59 end of intron 3 is underlined.
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steps in splicing. Splicing from extant sites gave rise to
either intron inclusion or exon skipping.

Non-Consensus Splicing Donor Sites

We found that one cryptic splice does not start with the
consensus dinucleotide GT, but rather begins with the
dinucleotide GC. While not consensus, the use of GC in the
donor site has been reported previously. Approximately
0.5% to 1% of both monocot and dicot donor sites start with
the dinucleotide GC (Korning et al., 1996). In fact, this
donor site is conserved across plant genera in myrosinase
(Xue and Rask, 1995).

In contrast, activation of a cryptic splice site beginning
with GA capable of the first but not the second step in
splicing, and the total inability of the AU mutant site to
participate in any splicing step, is without precedence.

While the lack of an in vitro system capable of efficiently
processing plant pre-mRNA has made studies of RNA
branching extremely difficult, Liu and Filipowicz (1996)
recently took advantage of a property of RT and of an
Arabidopsis mutant (Orozco et al., 1993) bearing a GU to
AU mutation at the 59 donor site within the Rubisco acti-
vase gene to study lariat formation. Previous studies of
accumulated lariats in other organisms had shown that RT
will pause at the branch point during primer extension
reactions. The pause is less apparent if the RNA is pre-
treated with HeLa cell-derived RNA debranching enzyme.
Primer extension studies showed that the mutant AU do-
nor site is used for lariat synthesis in this mutant. Previous
studies in yeast and mammalian systems (Newman et al.,
1985; Aebi et al., 1986) of the identical mutation gave
similar results.

In contrast, we failed to obtain any evidence for the
involvement of AU in splicing. Instead, a cryptic GA in
exon 3 (23 nucleotides upstream of the 59 splice site of the
mutant intron 3) was covalently linked to the A residue in
the branch point. This GA splice site apparently only func-
tions when the wild-type site is mutant, since we could not
isolate any lariat structures from wild-type RNA. Unlike
the other cryptic 59 splice site GC, the GA site is unable to
proceed to the second step of splicing. In this regard, our
results agree with those from yeast and mammalian in-
trons, in which a GT to GA alteration at the 59 splice site
resulted in lariat accumulation (Aebi et al., 1986; Ruis et al.,
1994). On the other hand, a synthetic intron with a GA
donor site is efficiently spliced in tobacco protoplasts (Liu
and Filipowicz, 1996). Furthermore, the use of an AT mu-
tant at the 59 splice site in yeast is increased by mutating
the 39 splice AG to AC, AA, or AU. This suggests that the
terminal bases of introns may interact during the second
step of splicing (Parker and Siliciano, 1993).

Plant Branch Point Sequences

Direct identification of sequences within the branch
point of plant introns has been severely hampered by the
fast turnover of wild-type lariat structures and by the lack
of an in vitro splicing system. In the aforementioned stud-
ies of Liu and Filipowicz (1996), the underlined A of the
sequence UUGAU located 32 nt from the 39 end of the
mutant intron formed the 59 to 29 linkage. These investiga-
tors also identified the branch point sequence, CUAAC, at
position 231 in a synthetic intron spliced in tobacco. This
branch, however, was resistant to RNA debranching activ-
ity. The comparable sequence identified here in intron 3 of
Bt2 is AUCAU. Aside from the A residue that participates
in the branch, these three sequences contain only one nu-
cleotide in common: U in the second position.

The most frequent branch point nucleotide A in verte-
brate introns usually exists 18 to 40 nt upstream from the 39
splice site. We note that the branch point A residue of Bt2
intron 3 and the previously reported plant branch point A
residues (Liu and Filipowicz, 1996) fall in this range. Pre-
viously, Goodall and Filipowicz (1989, 1991) reported that
a synthetic intron devoid of potential branch point A res-
idues is efficiently spliced in protoplasts. In vertebrates,

Figure 4. Mapping of the branch point nucleotide during the process-
ing of the mutant bt2 transcript. A, The genomic sequence spanning
exon 3 to exon 4 of the mutant bt2-7503 is given with exons in
uppercase letters and intron sequences in lowercase letters. Primers
used during RT-PCR are underlined with arrows. The mutated 59 end
nucleotide of intron 3 is underlined and the branch point nucleotide is
boxed. B, Ethidium-bromide-stained gel of the RT-PCR product re-
solved on 1% agarose gel resulting from subjecting total bt2-7503
endosperm RNA to RT-PCR as outlined in A. The size of the product is
shown on the left. Marker mass markers are given on the right.
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nucleotides other than A can sometimes substitute for the
branch point nucleotide (Hartmuth and Barta, 1988).
Whether this is also true in plants will require more exten-
sive analyses of plant branch point sequences.

A mammalian consensus branch point sequence of CU
(A/G) A (C/T) has been proposed (Green, 1991). Recently,
Simpson et al.(1996) suggested the identical branch point
consensus sequence for plants using search keys derived
from the vertebrate and fungi branch point consensus.
This sequence lies in a region 215 to 250 from the splice
acceptor site. Brown et al. (1996) analyzed 998 Arabidop-
sis introns and proposed consensus branch point sequence
(C/T)UNAN located in a region between 218 to 260 from
the 39 splice site. Recently, a new branch point consensus
CT (A/G) A(A/T) has been proposed for Arabidopsis in-
trons using a model that does not rely on sequences de-
rived from mammalian branch point consensus (Tolstrup
et al., 1997). The branch point of Bt2 intron 3 does not fit
any of these consensus sequences. In fact, the C residue at
position 21 of the branch point of Bt2 intron 3 occurs in
only approximately 15% of eukaryotic introns (Harris and
Senapathy, 1989; Brown et al., 1996). Whether this reflects
a monocot/dicot difference awaits further investigation.

Intron Definition versus Exon Definition of the Initial
Recognition in Splicing

By far the vast majority of the bt2-7503 transcripts un-
dergo splicing consistent with the intron definition of splic-
ing. Transcripts exhibiting intron inclusion comprise the
great bulk of the transcripts, while the use of upstream
cryptic splice sites as seen in type II transcripts and in those
undergoing incomplete splicing are also in accord with the
intron definition of splicing. While rare, exon skipping as
predicted by the exon definition of splicing was also noted
in this mutant. Thus, intron inclusion and exon skipping
are not mutually exclusive events within the context of a
particular sequence, a pattern also noted by McCullough et
al. (1997).

Recently, we (Lal et al., 1999) noted that alteration of the
39 splice site from AG to AA in an intron of the Shrunken2
(Sh2) locus of maize led to exon skipping, while the iden-
tical mutation in a different intron activated a downstream
splice site. In the former case, each of the flanking introns
was much larger than the intervening exon, whereas the
opposite situation was found in the second mutant. We
speculated that splice-altering mutants in small exons
flanked by large introns, as found in the first mutant and
generally in animal genes, gave rise to exon skipping, but
in the case of relatively small introns flanked by large
exons, splicing in line with intron definition was seen.
However, this argument does not explain the splicing seen
in bt2-7503. Exon 3 (270 nt) abuts introns of larger sizes,
1,213 and 396 nt. Furthermore, studies of Arabidopsis splic-
ing mutants by Simpson et al. (1998) showed that exon
skipping in this dicot is usually associated with small exons
with an AU content very similar to their flanking exons.
The AU contents of Bt2 exons 2 and 4 are 53% and 56%,

respectively, which is very similar to the 56% found in exon
3. These factors predict that exon skipping in bt2-7503
should occur; however, this phenomenon is rare in this
mutant.

One explanation for the low frequency of exon skipping
in bt2-7503 may lie within exon 3. We note that the 59 splice
site is not a particularly good fit to the monocot consensus
donor site and the exon is not GC rich. In the absence of the
GT dinucleotide within the donor site, perhaps the splicing
apparatus does not recognize this sequence as an exon.
Splicing then removes intron 2, exon 3, and intron 3 in one
reaction. We must also consider the possibility that neither
the intron definition nor the exon definition adequately
accounts for the early steps in pre-mRNA splicing, at least
in maize endosperm.
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