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ABSTRACT

Highly conserved sequences at the 5’ splice site and branch site of U12-dependent introns are important determinants for
splicing by U12-dependent spliceosomes. This study investigates the in vivo splicing phenotypes of mutations in the branch site
consensus sequence of the U12-dependent intron F from a human NOL1 (P120) minigene. Intron F contains a fully consensus
branch site sequence (WLUCCUUAAC). Mutations at each position were analyzed for their effects on U12-dependent splicing in
vivo. Mutations at most positions resulted in a significant reduction of correct U12-dependent splicing. Defects observed
included increased unspliced RNA levels, the activation of cryptic U2-dependent 5’ and 3’ splice sites, and the activation of
cryptic U12-dependent branch/3’ splice sites. A strong correlation was observed between the predicted thermodynamic
stability of the branch site: U12 snRNA interaction and correct U12-dependent splicing. The lack of a polypyrimidine tract
between the branch site and 3’ splice site of U12-dependent introns and the observed reliance on base-pairing interactions for
correct U12-dependent splicing emphasize the importance of RNA/RNA interactions during U12-dependent intron recognition

and proper splice site selection.
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INTRODUCTION

The removal by splicing of introns from primary transcripts
and subsequent ligation of exons is essential to the expression
of most genes in higher eukaryotes. The splicing of eukary-
otic genes is performed by either of two spliceosomes of
differing composition. The U2-dependent spliceosome cata-
lyzes the removal of the major U2-dependent class of introns,
while the Ul2-dependent spliceosome removes the less-
abundant U12-dependent introns. Despite their low abun-
dance, Ul2-dependent introns are found in both tissue-
specific and ubiquitously expressed genes, some of which
carry out essential cellular functions (e.g., DNA replication
and repair, transcription, RNA processing, and translation).
Therefore, proper selection and precise removal of minor
class introns by the Ul2-dependent spliceosome is critical.
Assembly of the different spliceosomes on their respec-
tive introns involves similar mechanisms, with a major
difference occurring at the step of initial intron recognition
(for review, see Will and Lihrmann 2005). In the initial
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stages of U2-dependent splicing, the Ul small nuclear
ribonucleoprotein complex (snRNP) interacts with the 5’
splice site followed by subsequent interaction of the U2
snRNP with the U2-dependent branch site. In contrast,
splicing of Ul2-dependent introns begins with the coop-
erative recognition of the 5" splice site and branch site by
the preformed U11/U12 di-snRNP (Montzka Wassarman
and Steitz 1992; Frilander and Steitz 1999). Consensus
sequences at the intron splice sites and branch site (for
review, see Burge et al. 1999), which interact with small
nuclear ribonucleic acids (snRNAs) mainly through base
pairing (for review, see Nilsen 1998), specify which splicing
system will be used. The 5’ splice site of Ul2-dependent
introns is longer and more highly conserved than U2-
dependent 5’ splice sites and serves as a major determinant
of splice site specificity. Several reports analyzing Ul2-
dependent splice site dinucleotides have revealed that, in
contrast to U2-type introns, there is no strict 3’ splice site
sequence requirement for U12-type introns (Dietrich et al.
1997, 2001a, 2005; Levine and Durbin 2001; Hastings et al.
2005). Instead, 3’ splice site selection is driven by the
sequence at the 5’ splice site junction and the distance from
the highly conserved branch site.

In addition to splice site sequences, the branch site
consensus sequence is an important determinant of which
spliceosome class (i.e., U2-dependent versus U12-dependent)
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is used in splicing a particular intron. In contrast to
the relatively weak consensus of U2-dependent branch
sequences (Fig. 1A), the Ul2-dependent intron branch site
(Fig. 1B) is highly conserved, suggesting that it serves as
a primary recognition element for the Ul2-dependent
spliceosome (Padgett and Burge 2003).

The recognition of the branch site in U2-dependent
introns is through a combination of interactions. The
protein SF1/BBP binds to the branch site through recog-
nition of the sequence surrounding the branch site aden-
osine (Berglund et al. 1997). The large subunit of the U2AF
heterodimer binds to the polypyrimidine tract of higher
eukaryotic 3’ splice sites and recruits U2 snRNP (Ruskin
et al. 1988; Gaur et al. 1995) while the small subunit binds
to the 3’ splice site AG adjacent to the polypyrimidine tract
(Guth et al. 1999; Wu et al. 1999; Zorio and Blumenthal
1999). Subsequently, U2 snRNA interacts with the branch
site region by base-pairing interactions (Wu and Manley
1989; Zhuang and Weiner 1989). While these interactions
are conserved in U2-dependent splicing in different organ-
isms, the relative importance of the interactions differs. For
example, the introns of budding yeast have a relatively weak
polypyrimidine tract at their 3’ splice sites while having
highly conserved branch site sequences (Burge et al. 1999;
Lopez and Seraphin 1999). Perhaps as a result, the yeast
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FIGURE 1. Pictograms of the U2-dependent (A) and U12-dependent
(B) intron branch site consensus sequences using the data set
described by Padgett and Burge (2003). In these pictograms, the size
of the letter corresponds to the frequency in which that base is present
at each position. The position labeled 1 (A,B) at the top is the
predicted branch site residue. The numbers below the Ul2-dependent
branch site pictogram (B) indicate the position of the residues in the
P120 Ul2-dependent intron F. (C) Complementary base-pairing
interactions between the Ul2-dependent branch site and the Ul2
snRNA anti-branch site. Numbered residues correspond to positions
used in the mutational analysis. Adenosine 90 is the branch site
residue used in this intron (Tarn and Steitz 1996).

U2AF analog, MUD2, is dispensable (Abovich et al. 1994).
Mammalian U2-dependent introns tend to have strong
polypyrimidine tracts and weak conservation of branch site
sequences (Burge et al. 1999). Alteration of the mammalian
branch site is well tolerated, with many sequences able to
serve as branch sites over a significant range of distances
from the 3’ splice site (Padgett et al. 1985; Ruskin et al.
1985; Gao et al. 2008).

Ul2-dependent introns have two notable features in
their 3’ splice site regions. First, in all organisms in which
they have been recognized, these introns share a highly con-
served branch site sequence that is complementary to U12
snRNA. Second, they conspicuously lack a polypyrimidine
tract between the branch site and the 3’ splice site. These
features suggest that base pairing of U12 snRNA with the
branch site sequence is of primary importance in Ul2-
dependent introns while association between the polypyr-
imidine tract and U2AF is of primary importance in
U2-dependent introns, at least in mammalian cells. The
lack of a polypyrimidine tract and the variability seen in the
sequence of the 3’ splice site suggest that neither subunit of
U2AF is involved. Recent biochemical evidence also sug-
gests that U2AF is not a required factor for Ul2-dependent
splicing (Shen and Green 2007). However, U2AF is also
thought to be a major target of recruitment by SR proteins
bound to enhancer sequences (Wang et al. 1995). Since
Ul2-dependent introns have been shown to respond to
exonic enhancers (Dietrich et al. 2001b; Hastings and
Krainer 2001) and adjacent U2-dependent splice sites
(Wu and Krainer 1996), U2AF may still function through
these interactions.

Since Ul2-dependent introns lack a polypyrimidine
tract, the high conservation and restricted distance
upstream to the 3’ splice site of the U12-dependent branch
sequence (i.e., 10-25 nucleotides [nt] from the branch
point adenosine) (Dietrich et al. 2001a) must provide the
necessary signals for U12 snRNP recruitment and 3’ splice
site selection. The base-pairing interactions between the
U12-dependent branch sequence and the U12 snRNA anti-
branch sequence (shown for the P120 U12 branch:U12
snRNA anti-branch in Fig. 1C) are thought to specify and
help activate the specific adenosine residue that initiates the
chemical steps of the splicing reaction.

To investigate the importance of the conserved nucleo-
tide composition of the Ul2-dependent branch site
sequence, we have made and tested mutations at each
position of the P120 minigene intron F branch sequence.
The U12-dependent intron F branch site sequence extends
from position 83 to 91 with respect to the 5’ splice site and
reads -UUCCUUAAC-. Mutations at positions 84 to 91
were analyzed for their effects on in vivo Ul2-dependent
splicing. Mutations at most positions resulted in significant
defects in Ul2-dependent splicing. The defects observed
included an increase in the amount of unspliced RNA, the
activation of cryptic U2-dependent splice sites, and the
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activation of cryptic U12-dependent branch/3’ splice sites.
The effect of each mutation on the thermostability of the
Ul2-dependent branch site:U12 snRNA anti-branch site
interaction was determined by calculating the free energy
of each duplex using the nearest-neighbor model (Serra
and Turner 1995). A direct correlation was observed be-
tween branch:anti-branch thermostability and accurate splice
site selection, providing evidence that the Ul2-dependent
branch site primarily facilitates intron recognition via
complementarity to the U12 snRNA anti-branch sequence.

RESULTS

Splicing patterns of the P120 minigene intron F

The experimental construct used in this investigation was a
well-studied minigene expression construct derived from the
human NOL1 (nucleolar protein P120) gene (Hall and
Padgett 1996). Mutations were introduced at positions
spanning the Ul2-dependent intron F branch site. Figure
2A shows the architecture of the region of the P120 minigene
containing the Ul2-dependent intron F and diagrams the
various splice sites that are utilized to generate the different
products observed in the RT-PCR analysis. As shown in
Figure 2, the PCR primers flank a region of the P120
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construct that can produce three spliced isoforms. These
spliced isoforms have been described previously and the
spliceosomes required to produce them have been deter-
mined using in vitro methods (Dietrich et al. 1997, 2001b).
Unspliced RNA vyields a RT-PCR product of 330 nt. The
spliced RNA that results from utilization of the correct
Ul2-dependent intron F splice sites (i.e., positions 1 and
99, 1 being the first nucleotide of the intron) yields a RT-
PCR product of 231 nt. The construct also contains cryptic
U2-dependent splice sites inside the U12-dependent intron
at positions 13 and 93 that have been characterized
previously (Tarn and Steitz 1996; Dietrich et al. 1997).
The spliced RNA that results from utilization of the cryptic
U2-dependent splice sites (i.e., positions 13 and 93) yields
an RT-PCR product of 250 nt. These cryptic U2-dependent
splice sites are activated by several of the branch site
mutants presented here. Similar U2-dependent cryptic
activation events have been observed in Ul2-dependent
5’ and 3’ splice site mutants (Kolossova and Padgett 1997;
Incorvaia and Padgett 1998). The third spliced isoform
observed here is the result of the activation of a cryptic
Ul2-dependent 3’ splice site and utilization of an alterna-
tive branch site sequence (Fig. 2A, underlined) contained
within the downstream adjacent exon. Splicing from the
normal Ul2-dependent 5’ splice site to this cryptic Ul2-
dependent splice site (i.e., Fig. 2A,
positions 1,222) yields a RT-PCR prod-

uct of 108 nt.

In vivo splicing patterns of single
mutations of the branch site

¥ Normal Ul2-dependent splicing of
222 P120 intron F utilizes the adenosine
residue at position 90 as the branch site
(Tarn and Steitz 1996; McConnell et al.
2002). This adenosine is embedded
within a branch site consensus sequence

B spanning positions 83-91. The muta-
W tions introduced to the branch consen-

[ Es f’/ \1 £7 ] U12 231nt sus sequence of Ul2-dependent intron
F are presented in Figure 3A. Both

AL single point mutations and double

l == l 7N q 5 | U2 Cryptic 250nt mutations of adjac.er.lt positions were
tested. For each position normally con-

_ taining a pyrimidine, a mutation was gen-
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FIGURE 2. Schematic of the Ul2-dependent P120 intron F diagramming the various spliced
isoforms. (A) The indicated PCR primers flanking the splice sites anneal within the E6 and E7
exons surrounding intron F (the vector-specific RT primer is not indicated). The proper U12-
dependent 5’ and 3’ splice sites are at positions 1 and 99, respectively. The correct Ul2-
dependent branch site sequence is shaded, and the downstream cryptic U12-dependent branch
site is underlined. The cryptic U2-dependent splice sites are at positions 13 and 93, and the
cryptic Ul2-dependent 3 splice site is at position 222. (B) Schematics of the three spliced
isoforms observed by RT-PCR with indicated PCR product sizes after splicing.
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in which the consensus nucleotide was
substituted with a nucleotide that oc-
curs less frequently at that position (see
Fig. 1B). In addition, alternate pyrimi-
dines were tested at positions 85-88, all
three nucleotide variants were investigated
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at the branch point adenosine (Fig. 1C, A90), and several
double mutations were tested as indicated in Figure 3A.

Each mutation was introduced separately into the P120
minigene plasmid and these were transfected individually
into CHO cells. Total RNA was isolated from the cells 48 h
after transfection and normalized for concentration prior
to conducting RT-PCR. An agarose gel analysis of the
spliced products is shown in Figure 3B, where the unspliced,
U12 spliced, U2 cryptic spliced, and U12 3’ cryptic spliced
products are visible. Band intensities of each product were
determined from digitized images of gels, corrected for
length and expressed as a percentage of total products (Fig.
4). In order to accurately compare results among three
independent assays, the wild-type unspliced product for
each was set to 0% and quantification of products in each
subsequent lane was adjusted accordingly.

The in vivo splicing pattern generated by each mutant
varied based on position within the branch site sequence
and the type of mutation, but some obvious trends were
revealed when comparing mutants to the wild type (Fig. 3B,
lane 3). A previously studied mutant containing the U12-
dependent 5’ splice site CC5/6GG mutation is shown in
lane 4 of Figure 3B. This mutant blocks Ul2-dependent
splicing and activates the U2 cryptic splice sites, providing a
marker for this product (Incorvaia and Padgett 1998).

Examination of the in vivo splicing phenotypes of the
branch site mutations shows that substituting the central
pyrimidines (CCTT) with purines resulted in a significant
reduction in splicing to the normal 3’ splice site and

activation of the U12 cryptic 3’ splice site (Fig. 3B, lanes
6,8,9,11,13,15,17). This result is consistent with the high
conservation of these positions in Ul2-dependent branch
sites (Fig. 1B). Mutation of T84 to A (Fig. 3B, lane 5) had
only a modest effect on splicing efficiency and did not
activate the downstream cryptic 3’ splice site.

Inspection of the consensus sequence shows that the A89
position adjacent to the branch point A90 can frequently be
substituted by G. This is also observed in U2-dependent
branch sites (Fig. 1A; Query et al. 1994). Consistent with
this, the A89G mutation (Fig. 3B, lane 20) had only a small
effect on U12 splicing. In contrast, mutation of A89 to a
nonconsensus C residue (Fig. 3B, lane 19) effectively blocked
U12-dependent splicing and activated the cryptic pathways.
Mutation of the C91 residue on the other side of the A90
branch point showed a similar allele sensitivity (Fig. 3B,
lanes 24,25). Mutation of C91 to T had a modest effect on
U12 splicing while mutation to G inhibited normal U12
splicing and activated the Ul2 cryptic 3 splice site.

The consensus data shows that the branch point residue
is almost always an adenosine. However, data from both
the U2-dependent system and the analysis of a rare case of a
Ul2-dependent intron with a guanosine at this position
shows that splicing can still occur either by branching to
the G residue or to the immediate upstream A residue
(Query et al. 1994; McConnell et al. 2002). Consistent with
this, the A90G mutant (Fig. 3B, lane 22) showed only a
modest reduction in splicing efficiency. The two pyrimidine
substitutions, A90C and A90T (Fig. 3B, lanes 21,23), in
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FIGURE 3. In vivo splicing by Ul2-dependent branch site mutants. (A) Diagram of constructed mutants at the indicated P120 intron F Ul2-
dependent branch site positions. The wild-type P120 intron F branch site sequence is at the top and the nucleotide substitutions introduced at
each position are indicated below. The double horizontal lines connecting adjacent positions indicate a double mutation. (B) RT-PCR analysis of
in vivo RNA produced by each of the indicated P120 minigene constructs. The positions of unspliced, U2 cryptic spliced, U12 spliced, and U12 3’
cryptic spliced products are indicated to the right of the gel. (Lane M) 100 bp size marker; (lane 1) mock transfection control lane; (lane 2) CHO
cells transfected with the host pCB6 vector lacking the P120 minigene; (lanes 3—25) CHO cells transfected with pCB6 constructs containing either

wild-type sequence or the indicated mutations.
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FIGURE 4. Graphical representation of spliced isoforms quantified from RT-PCR analysis. Band intensities of each product (unspliced, U12
spliced, U12 3" cryptic spliced, U2 cryptic spliced) were determined from digitized images of gels, corrected for length, and expressed as a
percentage of total products for each indicated single mutant (A) and double mutant (B). Results reflect averages taken from three independent

assays. Error bars represent one standard deviation from the mean.

contrast, significantly reduced normal splicing with the
A90C allele being the most deleterious. Interestingly, all
three A90 mutants showed increased levels of unspliced RNA
relative to the wild type, suggesting that the cryptic pathways
were somehow blocked in these mutants, perhaps due to the
formation of dead end spliceosomal complexes involving the
normal Ul2-dependent 5 and 3’ splice site regions.

In vivo splicing patterns of double mutations
of the branch site

The effects on splicing of the double mutations largely
mirror those seen with the single mutations. The TC84/
85AG mutation (Fig. 3B, lane 8) completely blocks normal
Ul2-dependent splicing and leads to activation of the U12
cryptic 3’ splice site. This was the original mutation used to
show the function of Ul2 snRNA in vivo through reac-
tivation of normal splicing in the presence of a compen-
satory Ul2 snRNA mutant (Hall and Padgett 1996).
Comparison of this double mutant phenotype to the
individual T84A and C85G mutant phenotypes (Fig. 3B,
lanes 5,6) shows that the bulk of the effect is due to the
mutation at C85. A similarly dramatic phenotype is
observed with the CC85/86GG (Fig. 3B, lane 11) and
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TT87/88AA (Fig. 3B, lane 17) mutations where almost all
splicing is shifted to the U12 cryptic 3’ splice site.

The CC85/86TT mutation (Fig. 3B, lane 12) as well as
the individual C85T (Fig. 3B, lane 7) and C86T (Fig. 3B,
lane 10) mutations led to an activation of splicing at the
U2-dependent splice sites. This result can be understood by
noting that these mutations disrupt the Ul2 branch site
consensus while retaining the pyrimidine tract. Thus, the
mutant Ul2-dependent branch site now becomes the
polypyrimidine tract for the U2-dependent 3’ splice site
at position 93. Interestingly, a similar result is not seen in
the case of the TT87/88CC mutation (Fig. 3B, lane 18).
Here the U2-dependent cryptic splice sites are poorly
activated while the amount of unspliced RNA and U12 3’
cryptic splicing is increased. This is consistent with data
showing that clusters of T residues are more important for
U2-dependent 3’ splice site activation than clusters of C
residues (Roscigno et al. 1993).

Splicing defects are related to branch site:U12 snRNA
duplex thermostability

The very different extents of branch site conservation seen
between mammalian U2- and Ul2-dependent introns
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suggests that base-pairing interactions with U2 and Ul12
snRNAs, respectively, might differ significantly in their
importance for splicing. While evidence shows that mam-
malian branch site:U2 snRNA pairing can be important for
U2-dependent 3’ splice sites (Noble et al. 1988; Wu and
Manley 1989; Zhuang et al. 1989), protein—RNA interac-
tions appear to play a large if not predominant role
(Valcarcel et al. 1996).

To gauge the role of base-pairing interactions in U12-
dependent branch site specification, the thermodynamic
stability of the Ul2-dependent branch site consensus
sequence and U12 snRNA anti-branch sequence interaction
was calculated using the Turner Table nearest-neighbor
model (Serra and Turner 1995) for the normal branch site
consensus sequence and each mutated branch site
sequence. Using this method, the free energy of the normal
Ul2-dependent branch site complex is calculated to be
—4.1 kcal/mol. Free energy estimates were plotted versus
the relative amount of correct U12 spliced, U12 3’ cryptic
spliced, or U2 cryptic spliced products (Fig. 5A,B,C,
respectively). Disruption of complementarity within the
branch site:anti-branch site duplex decreased the thermo-
stability of the complex, resulting in three possible out-
comes: decreased correct U12 splicing, U2 cryptic splice site
activation, and/or U12 cryptic 3’ splice site activation.

Several trends can be observed in the plots shown in
Figure 5. As the free energy of the branch site:U12 snRNA
complex increased (delta G approaching zero), U12-dependent
splicing at the correct splice sites and utilization of the
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normal branch site decreased (Fig. 5A) while splicing to the
U12 cryptic 3’ splice site increased (Fig. 5B). The free
energy of the downstream cryptic Ul12-dependent branch
site complex has a delta G value of 1.9 kcal/mol. In most
cases, mutations with a delta G >1.9 kcal/mol were asso-
ciated with >50% cryptic splicing while mutations with
a delta G <1.9 kcal/mol yielded >50% correct splicing
(Fig. 5B).

As noted above, several mutations led to the activation of
U2-dependent cryptic splicing. These mutations decreased
the thermostability of the normal branch site complex and
either maintained or increased the abundance of pyrimidines
within the branch site. As shown in Figure 5C, this activation
of the U2-dependent splicing system did not correlate with
the stability of the branch site:U12 snRNA interaction. For
example, the T88C mutation resulted in activation of U2
cryptic splicing whereas the T88A mutation, despite having a
similar free energy, did not generate the U2 cryptic product
(see Fig. 4A). In addition, the CC85/86TT double mutation
activated U2-cryptic splicing (indicated in Fig. 5C) whereas
the CC85/86GG double mutation did not.

Since the activation of the U2 cryptic splice sites was
independent of the free energy of U12 snRNA binding, this
splicing pathway would tend to mask a correlation between
complex free energy and cryptic splice site usage. To test
this idea, we excluded mutants that activated >25% U2
cryptic splicing from the analysis (Fig. 5D). This improved
the correlation between complex free energy and splicing
(Fig. 5, cf. A and D), but several outliers remained. These
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FIGURE 5. Plots showing the relationship between U12-dependent splicing and U12-dependent branch:anti-branch stability. Free energy values
were calculated using the Turner Table nearest-neighbor model (Serra and Turner 1995) to determine the stability of the U12-dependent branch
site:U12 snRNA anti-branch interaction for the wild type U12 branch site sequence and each mutated branch site sequence. Free energy estimates
were plotted versus the percentage of U12 spliced (A), U12 3" cryptic spliced (B), U2 cryptic spliced (C), and U12 spliced excluding U2 activators

(D). Lines are least-square best fits. R? values are as indicated.
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included mainly double mutants with high delta G values
that block correct Ul2-dependent splicing and the two
exceptional mutants T84A and C91G (indicated in Fig. 5D)
that are discussed below.

DISCUSSION

The results described here extend our understanding of the
role of the highly conserved branch site of Ul2-dependent
introns. The lack of a polypyrimidine tract between the
branch site and 3’ splice site of Ul2-dependent introns
increases the importance of the Ul12-dependent branch site
for ensuring intron recognition and accurate splice site
selection. This study provides a thorough analysis of the
U12-dependent branch site consensus sequence by investi-
gating the effects on splicing in vivo that occur when
mutations are introduced at each highly conserved nucle-
otide position.

Mutations at most positions resulted in splicing defects
including reduction in intron F splicing, activation of
cryptic Ul2-dependent branch/3" splice sites, and activa-
tion of cryptic U2-dependent splice sites. Comparing the
percent of each splice isoform (i.e., U12 spliced, U12 3’
cryptic spliced, U2 cryptic spliced) to the Ul2-dependent
branch site:U12 snRNA anti-branch free energy value for
each mutant revealed a direct correlation between branch:
anti-branch thermostability and correct Ul2-dependent
splicing with the exception of T84A and C91G. The
surprisingly high level of correct Ul2-dependent splicing
by T84A and low level by C91G reflects the frequency of
these noncanonical bases at the respective positions (as seen
in Fig. 2B) where an A can occur at the position corre-
sponding to T84 but a G does not occur at C91. The
downstream Ul2 cryptic branch site, which is used by
several of the constructs studied here, also has an A at the
position analogous to T84, providing additional evidence
that an A at this position can effectively support splicing.

Mutants whose canonical U12 branch:anti-branch com-
plex free energy value exceeded that of the downstream
cryptic U12 branch:anti-branch complex (delta G=1.9 kcal/
mol) typically resulted in the production of >50% U12-
dependent 3’ cryptic spliced product (see Fig. 5B). The
strong direct correlation between the stability of U12 base
pairing at the wild-type branch site and the use of the U12
cryptic branch site seen in Figure 5B suggests that the
competition between these two sites is largely governed by
thermodynamics. While all the mutations studied here were
at the wild-type branch site, a previous study in this system
showed that use of the U12 3’ cryptic branch site could be
activated by improving its base pairing to U12 snRNA. In
this study by Dietrich et al. (2001a), when a “Cryptic-Up”
mutation was created within the downstream U12 cryptic
branch site at the analogous position to T84, converting it
from an A to the consensus T, splicing to the 3’ cryptic site
was increased from 0% to ~30%. The Cryptic-Up mutant
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changed the delta G value of the U12 3’ cryptic branch:anti-
branch complex from 1.9 to —1.5 kcal/mol. Figure 5B
shows that when free energy values for the branch mutants
were plotted versus the percent of splicing to the Ul2 3’
cryptic site, an increase in delta G from —1.5 to 1.9 kcal/
mol resulted in an approximate 30% increase in Ul2 3’
cryptic spliced product, agreeing closely with the previous
results. Collectively, these results emphasize the importance
of the stability of the U12 branch:anti-branch complex and
suggest that RNA/RNA interactions are the main determi-
nants of Ul2-dependent intron recognition and proper
splice site selection. The mutations that generated the U2-
dependent cryptic product were generally those that dis-
rupted the Ul2-dependent branch site consensus while
retaining or improving the pyrimidine content of the
region that leads to splicing by the U2-dependent pathway.

Despite mechanistic similarities between the U2- and
Ul2-dependent splicing pathways, there are major differ-
ences in the initial stages of spliceosome assembly. The
splicing of U2-dependent introns begins with interactions
involving RNA-RNA base pairing between Ul snRNA and
the 5" splice site, and by interactions mediated by protein
factors (Krdmer 1996). The large subunit of U2AF contains
two C-terminal RNA recognition motifs (RRMs) that make
sequence-specific contacts with the U2-dependent intron
polypyrimidine tract. A third U2AF C-terminal RRM
interacts with the splicing factor SF1/BBP, enabling coop-
erative recognition of the polypyrimidine tract and branch
site (Berglund et al. 1998). The small subunit of U2AF
interacts with the 3’ splice site (Guth et al. 1999; Wu et al.
1999; Zorio and Blumenthal 1999). During the formation
of the initial commitment complex, communication across
exons occurs (exon definition), where the binding of Ul
snRNA at the adjacent downstream 5’ splice site enhances
interaction between protein factors and the 3’ splice site
(Kuo et al. 1991). Interaction between U2AF and the U2
snRNP then enables the U2 snRNP to replace SF1/BBP at
the branch site where RNA/RNA interactions between the
U2-dependent branch site and U2 snRNA anti-branch
sequence occur, establishing the pre-spliceosome (for
review, see Will and Lihrmann 2006). The presence of a
polypyrimidine tract and the poor conservation of the U2-
dependent branch site sequence indicate that the recogni-
tion of U2-dependent introns is facilitated in large part by
protein/RNA interactions. In contrast to the U2-dependent
pathway, the results presented here reveal a direct correla-
tion between Ul2 branch:anti-branch complementarity
and accurate Ul2 splicing, suggesting that the recognition
of Ul2-dependent introns is more reliant on RNA/RNA
interactions. This is supported by the lack of a polypy-
rimidine tract and the high conservation of the Ul2-
dependent branch site sequence.

The U2AF protein does not appear to play a direct role
in Ul2-dependent intron recognition. In addition to the
RRMs of U2AF that are responsible for interaction with the
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U2-type intron polypyrimidine tract, U2AF has an arginine/
serine-rich (RS) domain that contacts the U2-dependent
branch site in the commitment complex (Gaur et al. 1995;
Valcarcel et al. 1996; Shen and Green 2004). A recent study
demonstrating Ul2-dependent splicing in U2AF-depleted
nuclear extract suggests that the U2AF RS domain does not
make functional interactions with the Ul2-dependent
branch site during spliceosome assembly (Shen and Green
2007). Thus, Ul2-type introns are spliced in a U2AF-
independent manner, consistent with the absence of a
polypyrimidine tract.

The results here provide evidence that when the stability
of the U12 branch:anti-branch complex is disrupted while
retaining or increasing pyrimidines, the U2 system can
“hijack” splicing if splice sites recognized by the U2-type
spliccosome are available. This might be facilitated by
U2AF successfully competing with the U12 snRNP due to
a decrease in affinity of the U12 snRNA anti-branch for a
compromised Ul12 branch site consensus sequence. How-
ever, the reported detection of U2AF in Neurospora whose
introns lack the canonical polypyrimidine tract (Henscheid
et al. 2008) and a possible role in interaction with exonic
splicing enhancers (Wang et al. 1995; Zuo and Maniatis
1996; Guth et al. 2001) suggest that U2AF may still have
some level of involvement in Ul2-dependent splicing.

Protein factors might also be involved in directing the
utilization of proper splice sites when cryptic sites are
present as with the U12-dependent intron used here, which
contains internal U2-dependent splice sites. A similar
architecture is contained within the prospero gene of
Drosophia melanogaster, where the choice of U2- or Ul2-
dependent splicing appears to be regulated by protein
factors that bind to an intronic purine-rich element
(Scamborova et al. 2004). In addition, exon-spanning
interactions between factors bound to the splice sites of
adjacent introns may play a key role in defining the exon—
intron boundaries during Ul2-dependent splicing. Evi-
dence that protein factors facilitate cooperation between
U2- and Ul2-dependent splicing was provided by the obser-
vation that the splicing of a Ul2-type intron could be
stimulated when immediately upstream of a U2-dependent
intron (Wu and Krainer 1996). Thus, as with U2-dependent
splicing, protein factor interactions with both intronic and
exonic elements appear to contribute to Ul2-dependent
exon definition and splice-site choice.

This study and others like it are necessary to increase our
understanding of how and why Ul2-dependent splicing
exists. It has been suggested that the scarcity of Ul2-type
introns in modern organisms might reflect their less
efficient splicing and the tendency to convert to the more
loosely defined U2-type splice/branch sites via mutational
changes during evolution (Burge et al. 1998). Results here
demonstrate that point mutations within the U12 branch
site can activate alternative splice sites, suggesting that
marginal disruptions in important RNA/RNA interactions

can severely influence U12-dependent splicing. The impor-
tance of the stringency of Ul2-dependent splicing signals is
illustrated by the Ul2-type intron from the tumor sup-
pressor gene LKBI. A 5 splice site mutation in this gene is
responsible for the autosomal dominant disorder Peutz-
Jeghers syndrome associated with gastrointestinal polyposis
and an increased cancer risk (Hastings et al. 2005).

In addition to their prevalence in several housekeeping
genes, Ul2-dependent introns are also found in genes
involved in specific cellular processes (e.g., Ras-Raf signal-
ing pathway) where they might function in regulating the
expression of their host genes (Chang et al. 2007). Our
results reveal that the U12-dependent branch site consensus
sequence is a key determinant of intron recognition and
accurate splicing. Furthermore, the Ul2-dependent branch
site:U12 snRNA anti-branch site interaction appears to
provide the necessary competitive force enabling U12-type
introns to persist alongside the highly abundant U2-
dependent splicing system.

MATERIALS AND METHODS

DNA constructs

The construction of the P120 minigene and the intron F mutants
derived from it are as described (Kolossova and Padgett 1997).
Mutations used in this study were introduced by PCR methods
using pairs of oligonucleotides containing the desired mutations.
All mutations were confirmed by DNA sequencing.

Analysis of in vivo splicing

Transient transfection of the P120 minigene expression plasmid
into cultured CHO cells was done as described (Hall and Padgett
1996; Kolossova and Padgett 1997; Incorvaia and Padgett 1998).
For these experiments, 1 g of P120 plasmid and 9 pg of pUCI9
carrier DNA were added to 1 X 10° cells. Total RNA was isolated
from cells 48 h after transfection using a Roche High Pure RNA
Isolation Kit and reverse transcribed using a vector-specific
primer. Primary PCR amplification was performed using a P120
exon 5/6 forward primer, followed by a secondary PCR amplifi-
cation using P120 exon 6 and 7 specific primers as described
(Kolossova and Padgett 1997; Dietrich et al. 2001b). The products
were analyzed by agarose gel electrophoresis, visualized using
ethidium bromide, and digitally photographed using a UV trans-
illuminator (BioDoc-It Imaging System). Independent transfec-
tions and analyses gave results that differed by <10%. The
observed ratios of the various RNA precursors and products were
insensitive to PCR cycle number or RNA input.

Quantification and thermodynamic calculation

Splice isoforms were quantified from the digital images using the
Java image processing program Image]. Stacking energies for the
branch:anti-branch duplex were calculated using Turner tables
version 2.3 free energy parameters for RNA folding at 37°: http://
www.bioinfo.rpi.edu/~zukerm/cgi-bin/efiles.cgi*T=37.
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