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Functional selection of splicing enhancers
that stimulate trans -splicing in vitro
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ABSTRACT

The role of exonic sequences in naturally occurring

trans -splicing has not been explored in detail. Here, we have

identified frans -splicing enhancers through the use of an iterative selection scheme. Several classes of enhancer
sequences were identified that led to dramatic increases in

investigated in detail. These include motifs containing the element

trans -splicing efficiency. Two sequence families were
©/cGACC®/: and also 5 ’ splice site-like sequences.

Distinct elements were tested for their ability to function as splicing enhancers and in competition experiments. In

addition, discrete
effect a large increase in

trans -splicing even though the reaction itself is independent of the need for the 5
trans -spliced, the natural arrangement of 5

presence of internal introns in messages that are

trans -acting factors were identified. This work demonstrates that splicing enhancers are able to
trans -splicing efficiency and that the process of exon definition is able to positively enhance

" end of UL snRNA. Due to the
" splice sites downstream

of trans -splicing acceptors may lead to a general promotion of this unusual reaction.
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INTRODUCTION

Pre-mRNA splicing in nematodes includes both con-
ventional cis-splicing as well as trans-splicing (for re-
views, see Blumenthal & Steward, 1997; Nilsen, 1997).
In the trans-splicing reaction, the 5’ exon is donated
from a separate transcript, the spliced leader RNA (SL
RNA), which contains hallmarks of the small nuclear
RNAs (snRNAs) involved in standard splicing reactions
(Bruzik et al., 1988; Thomas et al., 1988; Nilsen et al.,
1989). Required cofactors for trans-splicing include the
U2, U5, and U4/U6 small nuclear ribonucleoprotein par-
ticles (snRNPs; Hannon et al., 1991; Maroney et al.,
1996) as well as serine/arginine-rich splicing factors
(SR proteins; Sanford & Bruzik, 1999b). Although ex-
tensive similarities between the required cofactors for
cis- and trans-splicing have been documented, there is
a clear difference in the necessity for U1 snRNP at the
5’ splice site (Hannon et al., 1991). Thus, the trans-
splicing reaction naturally occurring in nematodes has
been deemed independent of the need for the 5’ end of
U1 that normally base pairs with the 5’ splice site.

Reprint requests to: James P. Bruzik, Center for RNA Molecular
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A large body of work has elucidated many of the
cis-acting elements involved in pre-mRNA splicing in
higher eukaryotes (for review, see Reed & Palandjian,
1997). These include the 3’ splice site AG dinucleotide
whose necessity is coupled to the length of the pre-
ceding polypyrimidine tract (Reed, 1989). Because
trans-splicing substrates lack the potential for splice-
osomal interactions across an intron, they have been
suggested to be exquisitely AG-dependent at the 3’
splice site (Wu et al., 1999). Additionally, the effects of
3’ exonic sequences on splicing of an upstream intron
were documented over a decade ago (Somasekhar &
Mertz, 1985; Reed & Maniatis, 1986). More recently,
discrete elements termed exonic splicing enhancers
(ESEs) have been identified that promote upstream
splicing in both alternatively spliced (for review, see
Wang & Manley, 1997) as well as constitutive pre-
MRNAs (Schaal & Maniatis, 1999a). Many of these
ESEs have been shown to interact with SR proteins.
The two major domains of SR proteins, an N-terminal
RNA recognition motif(s) (RRM) and a C-terminal re-
gion rich in RS dipeptides, allow for RNA binding and
protein—protein interactions, respectively (for review, see
Graveley, 2000). In addition to the predominantly purine-
rich ESEs, several examples of other general classes
of splicing enhancers have been identified. These in-
clude the A/C-rich splicing enhancers (Coulter et al.,
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1997), intronic splicing enhancers (for examples, see
Wang et al., 1997), and splicing enhancers that mod-
ulate 5’ splice site usage (Humphrey et al., 1995; Bour-
geois et al., 1999; Co6té et al.,, 1999; Selvakumar &
Helfman, 1999). The concept of elements in an exon
being able to promote complex formation on and splic-
ing of a nearby intron can also be extended to the
positive influence seen when the next 5’ splice site
downstream is included in the substrate (for review,
see Berget, 1995). This exon definition effect (Robber-
son et al., 1990) can also be observed in pre-mRNAs
where a 5’ splice site-like sequence is present at a
location other than a bona-fide splice junction (Lou et al.,
1995). Interestingly, the ability of U1 snRNP to promote
splicing of an upstream intron has also been observed
when the upstream intron does not require Ul (Wu &
Krainer, 1996). In this case, the splicing of a minor
class (AT-AC) intron was stimulated via the presence
of a classical 5’ splice site downstream. Therefore, a
splicing reaction that did not require U1 snRNP for rec-
ognition of the 5’ splice site was actually dependent
upon U1 action from a downstream position for efficient
splicing.

The role(s) of exonic sequences in authentic trans-
splicing has not been explored at length (for review,
see Bruzik, 1996). Arecent report from work performed
in a trypanosomatid system has demonstrated that ex-
onic sequences can modulate usage of the upstream
trans acceptor. In this example, both changes in or
substitution of the exon of the «-tubulin gene in Try-
panosoma brucei led to differences in the utilization of
its 3’ splice site in a splice site competition assay (Lopez-
Estrafio et al., 1998). A second set of experiments doc-
umented the presence of cis-spliced introns in the poly-A
polymerase gene of two different trypanosomatids. In-
triguingly, the same 3’ splice site acted as an acceptor
for both cis- and trans-splicing (Mair et al., 2000).

In vitro selection has proven to be a powerful tool in
the examination of cis-acting elements that are impor-
tant for pre-mRNA splicing. Several studies have de-
termined the preferred binding sites for splicing factors
that interact near the 3’ splice site, including U2AF®°,
Sex-lethal, and polypyrimidine tract binding protein
(Singh et al., 1995) as well as the U2AF heterodimer
(Wu et al., 1999). Recent work has also identified se-
lected sequences at the branchpoint in mammals (Lund
et al., 2000). In addition, consensus sequences have
been derived for the binding of SR proteins, with these
elements able to function as splicing enhancers when
introduced into appropriate transcripts (Heinrichs &
Baker, 1995; Tacke & Manley, 1995; Tacke et al., 1997;
Cavaloc et al., 1999). Selection has also been applied
to the role(s) of SR proteins in splicing function, as
opposed to RNA binding, with splicing of substrates
containing a randomized region driven by the presence
of an exogenously added, specific, SR protein (Liu et al.,
1998, 2000). Open ended (non-SR protein driven)
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screens have also been performed on pre-mRNA splic-
ing both in vitro (Tian & Kole, 1995; Schaal & Maniatis,
1999b) and in vivo (Coulter et al., 1997) with progres-
sive increases in splicing efficiency being observed. It
is notable that although a 5’ splice site downstream
has been shown to promote splicing of the upstream
intron (see above), 5’ splice site-like sequences were
not reported in these splicing activity-based assays.
Recently, 5" splice site-like sequences were found to
promote splicing in the yeast Saccharomyces cerevi-
siae (Libri et al., 2000). In this system, a region within
the intron that normally interacts via base pairing to
promote splicing through secondary structure was ran-
domized. The resulting selected RNAs contained many
sequences that resembled 5’ splice sites.

Here, we have employed a selection procedure to
identify exonic sequences capable of acting as trans-
splicing enhancers in vitro. This work was performed in
the homologous trans-splicing system derived from the
nematode Ascaris lumbricoides (Hannon et al., 1990).
A short region in the 3’ exon of a poor trans-splicing
substrate was randomized. This initial, heterogeneous
pool was incubated under splicing conditions, the trans-
spliced product was isolated, and the exon was reintro-
duced into the parental construct. Over the course of
seven rounds of selection, the splicing efficiency im-
proved dramatically. Individual clones were isolated and
were found to comprise several distinct sequence fam-
ilies. These include both protein-binding motifs as well
as 5’ splice site-like elements. Competition experi-
ments have revealed potential differences in the ability
of these selected sequences to interfere with trans-
and cis-splicing. One of the identified sequence ele-
ments is seen in up to three copies within the short
(18 nt) randomized region and crosslinks to discrete
proteins in nematode whole-cell extract as well as to
purified A. lumbricoides SR proteins. A second set of
closely related sequences include members that are
good matches to 5’ splice site consensus elements. In
this case, trans-splicing in vitro, which is independent
of the need for the 5’ end of U1 (Hannon et al., 1991),
can be made to rely on the interaction of U1 with exon
sequences downstream of the 3’ acceptor. This may
be an endogenous mechanism of trans-splicing en-
hancement utilized in vivo.

RESULTS

Selection of exonic elements capable
of enhancing trans -splicing in vitro

To monitor the selection of positive acting sequence
elements during the course of successive rounds of
trans-splicing, we needed to begin with an inefficient
pre-mRNA substrate. We took advantage of the fact
that a well characterized, efficient nematode cis-splicing
substrate became a poor trans-splicing substrate when
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its 5’ exon and half of the intron were removed. Within
the 3’ exon of this half construct, we engineered a
stretch of 18 random nucleotides (18n), extending from
position +103 to +121 relative to the 3’ splice site
(Fig. 1). The position of the randomized region was
based on the distance-dependent effects of splicing
enhancers on their ability to promote utilization of a 3’
splice site (for example, see Tian & Maniatis, 1994,
Graveley et al., 1998). The initial pool, round 0 (RO), of
randomized substrates was examined to determine its
composition. Twenty-four individual clones were se-
guenced. The purine and pyrimidine contents were 48%
and 52%, respectively. Also, the individual base con-
tents were as follows: A = 13%, C = 21%, G = 35%,
and T = 31%. In general, RNA was transcribed from a
mixed pool, trans-spliced in vitro, reverse transcribed,
and PCR amplified using a downstream primer and the
22-nt spliced leader exon as a tag and reintroduced
into the parental construct (Fig. 1). Although the intro-
duction of a subcloning step limits the complexity of the
subsequent rounds, our aim was to determine whether
sequence elements could be selected that would pro-
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FIGURE 1. Schematic representation of the selection procedure. The
parental cis-spliced nematode transcript was modified to contain a
unique Bgl/ll restriction site. The 3’ half of this substrate was sub-
cloned and served as the starting material for the introduction of the
sequence 18n. Pools of mixed RNAs were trans-spliced, gel purified,
and RT-PCR amplified with the exon sequences represented in the
trans-spliced product reintroduced into the starting construct. Seven
rounds of selection were performed.
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mote trans-splicing and not to survey all of the possible
variants. As shown in Figure 2, the efficiency of the
trans-splicing reaction increased dramatically through
the use of this technique.

The parental, nonrandomized, wild-type clone that
encompasses the 3’ half of a normally cis-spliced sub-
strate (see above) splices with an efficiency of 5% after
90 min (Fig. 2A, lanes 2 and 3). Starting with RO, the
turnover immediately began to increase, with the RO
mixed pool of substrates exhibiting 10% splicing effi-
ciency (Fig. 2A, lanes 4 and 5). This effect of increasing
splicing efficiency solely through the introduction of a
randomized region within a substrate, prior to any se-
lection procedure, has been observed before (Liu et al.,
1998, 2000). As the rounds of selection and amplifica-
tion progressed, there was a steady increase in the
fraction of the transcript that underwent trans-splicing
(see R1 through R7, Fig. 2A, lanes 6-19). The effi-
ciency of an authentic trans-splicing substrate is seen
in Figure 2A, lanes 20 and 21, for comparison. This set
of splicing reactions was performed three times, with
the average splicing efficiency shown graphically in Fig-
ure 2B. As can be seen from the bar graph, the percent
turnover plateaued after R4, within error. To more thor-
oughly examine the splicing of RO versus R7, a splicing
time course was performed. In this experiment, it is
clear that the splicing reaction of the R7 pool exhibits
enhancement over the RO pool at all times examined
(Fig. 2C, compare lanes 2-5 with lanes 6-9). In addi-
tion, R7 was more efficient at the early, 30-min time
point than the authentic trans-splicing substrate (Fig. 2C,
compare lane 7 with lane 11) as well as at 90 min
(Fig. 2C, compare lane 9 with lane 13).

Individual members of the mixed populations of R2,
R4, and R7 were isolated and sequenced. Upon ex-
amination of these clones, several classes of sequence
families were identified. These include four major group-
ings (Fig. 3A). The first of these is composed of se-
quences containing the motif SGACS (where S = ©/¢).
Interestingly, variants were obtained that include one
(clones 2.2, 2.10, and 2.11), two (clones 2.7 and 2.9),
and three copies (clones 4.2 and 7.1). Individual SGACS
repeats are shown at the bottom of the SGACS panel
in Figure 3A. Although the GAC core is invariant, the
terminal G and C bases are fairly evenly divided. The
next group of sequences include extended stretches
that contain good homology to 5’ splice sites. The 5’
end of A. lumbricoides U1 snRNA is shown in a pro-
posed base-paired interaction. These stretches of com-
plementarity range from 9/9 matches (clones 4.1 and
7.2) to six contiguous potential base pairs (clone 2.4).
Clone 2.5 appeared to represent an interesting prob-
lem, with 7 bp to U1 interrupted by a single base bulge.
It has previously been reported that A. lumbricoides
actually contains approximately 10 Ul genes, with at
least 2 being expressed (Shambaugh et al., 1994). One
of the expressed U1l snRNAs contains a base change
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FIGURE 2. Trans-splicing reactions employing progressive rounds
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at position six that allows this 7-bp stretch containing a
bulge to interact perfectly through a run of 8 bp. Other
repeated sequence motifs observed include A/C-rich
stretches and repeats of the purine-rich element
RRGAGS. These last two families appear to corre-
spond to the A/C-rich (Coulter et al., 1997) and purine-
rich (for review, see Wang & Manley, 1997) enhancer
sequences reported in numerous cis-splicing substrates.

We decided to further investigate individual SGACS-
and 5’ splice site-like elements. Splicing of three dis-
crete clones, the wild-type starting construct, clone 7.1
(BXSGACS) and 7.2 (5' ss) was examined over a time
course (Fig. 3B). As previously seen at 90 min (Fig. 2A,
lane 3), the wild-type construct splices very poorly at all
times examined (Fig. 3B, lanes 2-5). By comparison,
clones 7.1 and 7.2 both splice extremely well over this
span (clone 7.1: Fig. 3B, lanes 6-9; clone 7.2: Fig. 3B,
lanes 10-13). These levels of splicing efficiency rep-
resent >12-fold splicing enhancement.

The ability of individual exonic sequences to act as
competitors in the splicing reaction was examined. The
competitors employed included identical length frag-
ments of the 3’ exon, beginning at position +82 rela-
tive to the 3’ splice site. The only differences are within
the 18 nt region that was the subject of the selection
experiments, with the competitors containing the wild-
type, 7.1 (3XSGACS), and 7.2 (5'ss) sequence ele-
ments. Initially, the effects of these competitors were
examined on the splicing of the 7.1 and 7.2 substrates.
Both of these trans-splicing substrates demonstrate only
a modest (1.5 times) reduction in splicing efficiency in
the presence of the highest concentration of the wild-
type exon competitor used (Fig. 4A (7.1), lanes 4-7;
Fig. 4B (7.2), lanes 4-7). Thus, this fragment of the
parental substrate does not exhibit a high level of com-
petition for trans-splicing on these two RNAs when pre-
incubated with the splicing reaction, prior to the addition
of the substrate. The exonic fragment containing clone
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A
SGACS Sequences

W.T.: acuggUGUGAAGAUUCGUGAUCUaguua

7.1 : acuggAGGACCGACGCCGGACGAaguua
4.2 : acuggACGAAUCGACCACGACCGaguua

2.2 : acuggAUACCGGWGCAAUGGACGaguua

2.7 : acuggAGCACCGACGAUGCGACGaguua
2.9 : acuggNAUNAAGGACGACGACCGaguua
2.10: acuggACCCCAAAAGUAACCGAaguua

2.11: acuggACCGAGAACGGUACCCCAaguua

7.1: GGACC 2.2: GGACG
CGACG 2.7: CGACG
GGACG CGACG

4.2: CGACC 2.9: GGACG
CGACC CGACG
GGACG 2.10: ggACC

2.11: ggACC

cons: SGACS

ACE-like Sequences

2.2 : acuggAUACCGGWGCAAUGGACGaguua
2.4 : acuggUGAGGCGCACAUACACGCaguua
2.6 : acuggGACAAAGGCGAGAUAACGaguua
2.10: acuggACCCCAAAAGUAACCGAaguua
2.11: acuggACCGAGACCGGUACCCCAaguua

2.12: acuggAGUCGUGCGAAGACCAUAaguua

71 7.2
B WT.  (3xscacs) (5'ss)

M 0 306090 0 30 60 90 O 30 60 90 min.

12 345 67 8 910111213

7.1 (3XSGACS) sequences acts as an efficient com-
petitor for both self-competition (Fig. 4A, lanes 8-11)
as well as on the splicing of clone 7.2 (5'ss; Fig. 4B,
lanes 8-11). Thus, because the SGACS-containing com-
petitor acts as an effective inhibitor of the 5’ splice-
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¥Y-5' Splice Site

W.T.: acuggUGUGAAGAUUCGUGAUCUaguua

vccayucaa? e

7.2 : acuggAACGUACAAGAAAAGGUAaguua

Gn
yecayycan ¢

4.1 : acuggACUGAGGUAGGUUGUAGAaguua

uccayucan e

2.3 : acuggGAGGAACGCGCCGUCGAGagfjuaagu

vecamgean 6"
2.5 : acuggUCCCUACGCAGGUUGGUAaguua

A
vccayycaa ™

2.4 : acuggUGAGGCGCACAUACACGCaguua

RRGAGS Sequences

2.1 : acuggGAAGAGGGGCCAGCGUUGaguua
2.3 : acuggGAGGAACGGGCCGUCGAGagfjua

2.4 : acuggUGAGGCGCACAUACACGCaguua

2.8 : acuggGAGCCAUGAGNAUGCGCAaguua

2.1 : AAGAGG
2.3 : ggGAGG

GAGagg
2.4 : gUGAGG
2.8 : ggGAGC

cons: RRGAGS

FIGURE 3. Isolation of individual sequences from the mixed pools.
A: Discrete sequences are grouped according to the elements that
they contain. For the SGACS, ACE-like, and RRGAGS elements,
individual motifs are underlined. S = Gor C; N =A, C, G or U;
W = A or U. Upper case letters indicate bases within the 18n ran-
domized region, lower case letters indicate surrounding sequences.
Outlined letters (clone 2.3) indicate a change in the sequence of the
surrounding sequence. Sequences that fall into the 5’ splice site-like
category are drawn in a proposed base paired interaction with the 5
end of A. lumbricoides U1 snRNA (Shambaugh et al., 1994) B: Trans-
splicing of individual selected sequences versus the wild-type start-
ing construct. Clone 7.1 contains three copies of the SGACS motif
(BXSGACS) and clone 7.2 contains a 9 out of 9 complementarity to
the 5" end of Ul (5" ss). Splicing reactions were incubated for the
indicated times. Precursors and products are indicated as in the
legend to Figure 2.

containing substrate (7.2), it presumably titrates out a
factor(s) required for general trans-splicing and not just
a factor(s) necessary for the specific trans-splicing of
substrates containing the SGACS motif. A similar pro-
file was observed when the exon from clone 7.2 (5'ss)
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FIGURE 4. Competition experiments performed using selected sequence-containing substrates and competitors. A: Splic-
ing of the selected clone 7.1 (3XSGACS) in the presence of either the wild-type, 7.1(3XSGACS) or 7.2(5’ ss) sequence-
containing competitor exon fragment. Splicing reactions were preincubated with increasing amounts (0.125 ng, 0.25 ng,
0.5 ng, and 1 ug) of the indicated competitor-containing fragments. Splicing of the 7.1(3XSGACS) substrate in the absence
of a competitor is shown for comparison. Trans-splicing in the presence of the indicated competitor RNAs proceeded for
90 min. Precursors and products are indicated as in the legend to Figure 2. B: Splicing of clone 7.2 (5’ ss) with competition

experiments performed as in A.

was examined. This competitor led to a substantial re-
duction in the trans-splicing efficiency of both the 7.1
(3XSGACS) (Fig. 4A, lanes 12-15) and self 7.2 (5'ss)
substrates (Fig. 4B, lanes 12—15). This result is intrigu-
ing because it demonstrates that a 5’ splice site-
containing RNA is able to compete for trans-splicing,
even though the reaction does not require the 5’ end of
Ul (Hannon et al., 1991). Therefore, other factors re-
quired for trans-splicing are presumably titrated away
by the presence of excess 5’ splice sites. Possible
candidates include p220/Prp8 (Wyatt et al., 1992; Reyes
et al., 1996) and U6 snRNP (Sawa & Abelson, 1992;
Wassarman & Steitz, 1992). Because the only differ-
ence between the three competitor fragments lies within
the 18-nt region that was the focus of the selection
procedure, the effects on trans-splicing efficiency can
be directly attributed to this region.

To extend the characterization of the competitor RNAs,
we investigated their effects on the splicing of authentic
nematode trans- and cis-splicing substrates. Their ef-
fects on a trans-splicing substrate, unrelated in se-
quence to the cis-half molecules examined above, were
comparable. Both the 7.1 (3XSGACS)- and 7.2 (5'ss)-
containing competitors led to similar decreases in trans-
splicing efficiency (Fig. 5A, lanes 10—-15 and lanes 16—
21, respectively). Again, the wild-type cis exon led to a
nominal ~1.5 times reduction in turnover (Fig. 5A,
lanes 4-9). Therefore, both SGACS and 5’ splice site
sequence elements can serve as general inhibitors of

trans-splicing. This result demonstrates that factors that
interact with the SGACS repeats and with 5’ splice
sites are necessary for authentic trans-splicing even
though the 5" end of U1 snRNA is not required.
Lastly, we examined the effects of both competitor
RNAs on the splicing of the full-length nematode cis-
splicing construct. Here, an interesting difference with
the other substrates was observed. As expected, the
7.2 (5'ss) competitor efficiently competed for cis-splicing
(Fig. 5B, lanes 16-21) as compared to the wild-type
exon (Fig. 5B, lanes 4-9). In addition to other potential
factors described above, this competitor would also be
expected to titrate the U1 snRNP present in the extract,
therefore effecting a large decrease in cis-splicing. Sur-
prisingly, when the 7.1 (3XSGACS) competitor was
tested, the effect on cis-splicing was indistinguishable
from the wild-type control (Fig. 5B, lanes 10-15). Each
of these RNAs led to a nominal reduction (~1.5 times)
in cis-splicing efficiency. We have also examined the
ability of both the 7.1 (3XSGACS) and 7.2 (5'ss) se-
guences to act as splicing enhancers in the context of
the cis-spliced construct incorporating a weakened py-
rimidine tract (UUUUUU — UUAAUU). Both of these
sequence elements served as strong splicing enhanc-
ers in this substrate (L. Boukis & J.P. Bruzik, unpubl.
data). Thus, although the SGACS-containing selected
sequence was able to promote cis-splicing of a weak-
ened substrate, this element, added as a competitor,
was not able to compete for cis-splicing. This result
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suggests that the factor(s) recognizing the SGACS re-
peats is essential for the trans-splicing reaction, but not
for cis-splicing of this substrate. The effects of each of
the competitor RNAs tested on the four different sub-
strates is depicted graphically in Figure 5C. When pre-
sented in this manner, it is clear that each of the selected
sequences employed as a competitor exhibit a dra-
matic decrease in splicing efficiency, except for the
SGACS-containing RNA when tested on the cis-spliced
substrate.

Characterization of selected enhancers
containing the SGACS motif

We further investigated the properties of SGACS-
containing sequences by comparing the activity of
individual clones containing one (Fig. 3A, 2.10), two

799
B cis substrate
_ 74 7.2 .
W.T (3XSGACS)  (5'ss)  exom
e
M 090 min.

123 45 6 7 8 910111213 141516 17 181920 21

FIGURE 5. Competition experiments performed on authentic trans-
and cis-splicing substrates. A: Effects of competitor-containing frag-
ments on an authentic trans-splicing substrate. Competitor-containing
reactions were performed as in Figure 4 with the following exception.
The range of competitor fragment preincubated with the splicing re-
action included 0.125 ng, 0.25 ng, 0.5 ng, 1 g, 1.5 ng, and 2 ug.
Substrates and products are as indicated in the legend to Figure 2.
B: Effects of competitors on a nematode cis-splicing substrate. Re-
actions are as described in A. Open boxes indicate cis-spliced ex-
ons. C: Graph of splicing inhibition effected by preincubation of the
extract with the indicated competitors. Gray bars represent the splic-
ing inhibition observed at the highest level of wild-type exon com-
petitor, striped boxes the 7.1 (3XSGACS)-containing competitor, and
stippled boxes the 7.1 (5’ ss)-containing competitor as assayed on
the indicated substrates.

(2.7), and three (7.1) copies. As seen before, the wild-
type sequence trans-splices very poorly over a short
time course (Fig. 6, lanes 2-5). As the number of
SGACS repeats increases from one (Fig. 6, lanes 6-9)
to two (Fig. 6, lanes 10-13) and finally to three (Fig. 6,
lanes 14-17), the splicing efficiency also increases. At
the 90-min time point, the splicing efficiencies are 27.4%,
35.2%, and 45.5% for the substrates containing one,
two, and three copies, respectively. The response to
increasing the number of SGACS elements is linear at
every interval (30, 60, and 90 min) examined. This is in
agreement with published work that demonstrated an
additive rather than synergistic effect when the number
of individual enhancer elements was increased (Hertel
& Maniatis, 1998). Therefore, the SGACS-containing
sequences increase trans-splicing efficiency in a man-
ner that corresponds to the effect of characterized en-
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FIGURE 6. Enhancement of trans-splicing as a result of increasing
the number of SGACS motifs in the substrate. Splicing of the indi-
cated clones was assayed over a time course. Clones 2.10, 2.7, and
7.1 contain one, two, and three copies of SGACS, respectively. Pre-
cursors and products are denoted as in Figure 2.

hancer elements with respect to the inclusion of multiple
copies.

Due to the effectiveness of the SGACS sequence in
promoting trans-splicing as well as the differences be-
tween the ability of the SGACS-containing competitor
RNA to inhibit cis- and trans-splicing of the substrates
examined, we wanted to determine what trans-acting
factor(s) interacted with this element. To look at the
SGACS element directly, we employed site-specifically
labeled transcripts in a UV crosslinking/RNase protec-
tion assay (Wu & Green, 1997). In the absence of the
whole-cell extract used in trans-splicing assays, only a
small amount of undigested or partially digested RNA
remains (Fig. 7, lane 1). Upon addition of active, ~32
cell-stage whole-cell extract, a triplet appears at
~30 kDa (Fig. 7, lane 3). This result is specific for the
SGACS-containing element, as the reactions were per-
formed with a site-specifically labeled RNA and in ad-
dition, only cold RNAs containing the SGACS element
act as efficient competitors for the generation of the
crosslinked species (data not shown). Since total A.
lumbricoides SR proteins contain species that migrate
at ~30 kDa and are required for in vitro trans-splicing
(Sanford & Bruzik, 1999b), we also performed cross-
linking reactions in the presence of homologous, puri-
fied SR proteins. The SR proteins alone (no extract)
also generated a profile containing three prominent
bands at ~30 kDa (Fig. 7, lane 4). We have previously
demonstrated that pre-mRNA splicing activity is devel-
opmentally regulated in A. lumbricoides, and that this
activity correlates with the state of phosphorylation of
the embryonic SR proteins (Sanford & Bruzik, 1999a).
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FIGURE 7. Crosslinking of factors to site-specifically labeled SGACS-
containing substrate. Crosslinking reactions were performed with iden-
tical RNAs in the absence of extract (—), early (presplicing activity)
extract (2-cell), active splicing extract prepared from a later devel-
opmental stage (32-cell) and in the absence of extract but with pu-
rified SR proteins.

Early (two-cell stage) extracts contain SR proteins that
are inactive, hyperphosphorylated, and predominantly
cytoplasmic (J.R. Sanford & J.P. Bruzik, submitted) rel-
ative to SR proteins isolated from ~32-cell-stage em-
bryos. When we performed the crosslinking assay with
two-cell-stage whole-cell extract, the slowest migrating
band of the set of three is most prominent (Fig. 7, lane 2).
This is in agreement with the altered mobility of the
~30-kDa SR protein species at this early developmen-
tal point as a result of high levels of phosphorylation
(Sanford & Bruzik, 1999a). Thus, it appears that the
SGACS-containing enhancer elements interact with ei-
ther a single or multiple SR protein(s) in nematode
extracts.

Characterization of selected enhancers
containing 5 ’ splice site-like sequences

The second family of selected sequences that function
as effective enhancers in trans-splicing are 5 splice
site-like elements (Fig. 3A). To assess the potential role
of U1 snRNP in the activation of trans-splicing via inter-
action with a downstream 5’ splice site, we blocked the
5" end of Ul with a 2’-O-methyl oligonucleotide com-
plementary to nucleotides 1-14. Because trans-splicing
is independent of the need for the 5’ end of U1, this
allowed us the opportunity to assess the role of U1l in
splicing enhancement, separate from its role in the splic-
ing reaction. Preincubation of the splicing extract with
this oligo led to a marked reduction in cis-splicing ac-
tivity (Fig. 8, lanes 14-16) and had no effect on trans-
splicing (lanes 11-13). Trans-splicing of both the weak
wild-type substrate (Fig. 8, lanes 2—4) and the strong
7.1 (3XSGACS) clone (lanes 5-7) were unaffected by
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FIGURE 8. Sensitivity of trans-splicing to blockage of the 5’ end of
U1 snRNA. A 2'-O-methyl oligonucleotide targeting the 5’ end of Ul
was preincubated in splicing reactions performed on the indicated
substrates. Lanes marked by (J overwriting U1 indicate the U1 blocked
reactions. Splicing reactions were incubated for the indicated times.
Precursors and products are denoted as in Figures 2 and 5.

blocking Ul. In contrast, the 7.2 (5’ss) construct was
inhibited by this preincubation (Fig. 8, lanes 8-10). This
result demonstrates that although binding of U1 is not
required for authentic trans-splicing, this reaction can
be made to rely on the interaction of U1 with the down-
stream exon.

To directly demonstrate that U1 interacts with the 5’
splice site present in the exon, we performed cross-
linking reactions in the presence of AMT psoralen. The
7.2 (5'ss) substrate was also site-specifically labeled
with the single 32P present in the middle of the potential
9/9 complementarity. We detected a strong crosslinked
species migrating above the precursor that was abso-
lutely dependent upon the addition of AMT psoralen
(Fig. 9, lane 2 (+ psoralen) and lane 3 (— psoralen)).
Preincubation of the crosslinking reaction with the 2’-
O-methyl oligonucleotide complementary to the first 14
bases of Ul abolished this band (Fig. 9, lanes 4 and
5, + and — psoralen, respectively). Addition of a control
2'-O-methyl oligonucleotide complementary to the
branchpoint interaction region of U2 had no effect on
this species (Fig. 9, lanes 6 and 7, + and — psoralen,
respectively). Control crosslinking reactions employing
the 7.1 (3XSGACS) substrate did not generate any
Ul-dependent species (data not shown). Thus, the 5’
end of U1 snRNP is required for both activation of trans-
splicing and the appearance of the distinct crosslinked
species. Furthermore, we have gel purified the cross-
link and targeted it for degradation with RNase H. Oligo-
nucleotides complementary to U1 lead to cleavage of
this band, whereas an oligonucleotide complementary
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FIGURE 9. Psoralen crosslinking to the 7.2 (5'ss) substrate. Cross-
linking reactions were performed in the presence or absence of
AMT-psoralen (+ or —). Reactions were preincubated with no oligo-
nucleotide (—), blockage of the 5’ end of U1 (« U1) or blockage of the
branchpoint interaction sequence in U2 (a U2). The trans-splicing
substrate and the crosslinked species (arrow) are indicated.

to U2 has no effect (data not shown). This set of cross-
linking experiments demonstrates that the enhance-
ment of trans-splicing that results from the incorporation
of a 5’ splice site-like sequence in the downstream
exon is correlated with the binding of Ul to that se-
guence. The other potential factors that interact with 5’
splice sites that allow them to act as effective compet-
itors of trans-splicing are required for the reaction. There-
fore, U1 snRNP might be a useful factor for regulating
trans-splicing based on the inclusion of a 5’ splice site
downstream of the acceptor. As trans-splicing occurs
at the 5’ end of the transcript, nematodes usually in-
clude internal introns, and thus 5’ splice sites, down-
stream of the 3’ trans acceptor.

DISCUSSION

We have investigated the role of exonic sequences in
naturally occurring trans-splicing. Through the use of a
selection scheme, sequence families were identified
that greatly increased trans-splicing efficiency over the
parental construct. One of these elements (SGACS)
can act as an effective competitor of trans- but not
cis-splicing for the substrates examined. In addition,
protein(s) in the range of ~30 kDa directly interact with
this sequence in homologous splicing-competent ex-
tracts as well as with purified SR proteins. Intriguingly,
5’ splice site-like sequences were also isolated multi-
ple times. The activity of a 5’ splice site in enhance-
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ment of trans-splicing is dependent upon the 5’ end of
U1 snRNP. Therefore, although other factors that inter-
act with 5" splice sites are necessary for trans-splicing,
the reaction can be made dependent on interaction
with U1 snRNP from a position within the downstream
exon. This is the first demonstrated role for Ul in trans-
splicing and highlights the potential for positive inter-
actions between the cis- and trans-splicing machinery.

Comparison of selected enhancers
that promote trans -splicing with
characterized elements

Many different sequence elements have been described
over the past several years that can serve as splicing
enhancers. A majority of these act through the inter-
action of SR proteins with the pre-mRNA. Whether they
were identified through SR protein binding assays or
via functional selection of splicing activity, it is clear that
the initial generalization of splicing enhancers as purine-
rich sequences did not reflect the true complexity of
active enhancer elements (for a recent compilation of
selected sequences, see Tacke & Manley, 1999). The
sequence SGACS that we have identified as an active
trans-splicing enhancer in homologous A. lumbricoides
extracts has also been identified previously (Tacke &
Manley, 1995; Shi et al., 1997; Liu et al., 1998; Bour-
geois et al.,, 1999; Schaal & Maniatis, 1999b). It has
been isolated in single clones deduced through binding
assays with SF2/ASF, splicing assays in S100 extracts
supplemented with SF2/ASF, and also in open-ended
screens for active splicing enhancers. In only one of
these reports did the sequence emerge enough times
to be included in the consensus (Schaal & Maniatis,
1999b). The first of these sets of experiments exam-
ined sequences that could interact with histidine-tagged
SF2/ASF ARS through retention on Ni?* agarose (Tacke
& Manley, 1995). Here the consensus sequence
(AGGACAGAGC) is close to SGACS and in fact 11 out
of 36 sequences in this category contain perfect SGACS
motifs. Functional selection, driven by the presence of
exogenous SF2/ASF has also yielded a similar con-
sensus (SRSASGA) and as in the previous example, a
subset (5 out of 28) of the members of this class con-
tain SGACS elements (Liu et al., 1998). These two
reports both implicate SF2/ASF as a candidate for inter-
action with the sequence SGACS. Two other sets of
experiments that noted SGACS elements reported that
they responded to SC35 (Schaal & Maniatis, 1999b) or
served as a component of an element that interacted
strongly with Drosophila melanogaster B52 (SRp55;
Shi et al., 1997). Finally, a natural example of an ele-
ment containing an SGACS motif has been implicated
in bidirectional activation of both an upstream 3’ splice
site and a downstream 5’ splice site in adenovirus E1A
pre-mRNA (Bourgeois et al., 1999). Mediation of down-
stream 5’ splice site activation was shown to correlate
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with binding of the SR protein 9G8. In our site-specific
crosslinking experiments, we observe crosslinks to an
SR protein(s) that migrates at ~30 kDa, the same size
as SF2/ASF, SC35, and 9G8.

Recent work in our lab has involved an examination
of the regulation of splicing of the fert-1 gene in the
nematode A. lumbricoides. In this pre-mRNA, a single
3’ splice site can participate in both trans- and cis-
splicing reactions, with apparent developmental regu-
lation (Spicher et al., 1994). This transcript contains
three copies of the SGACS element within the first
~100 nt downstream of the common 3’ splice site.
Mutation of the core GAC of these elements leads to
the inactivation of the 3’ splice site in vitro (J.R. San-
ford & J.P. Bruzik, unpubl. results). Thus, the SGACS
sequence uncovered via in vitro selection does appear
to function as an enhancer element in endogenous,
homologous pre-mRNAs in nematodes.

Mechanistically, the basis for the enhancing effect
observed with both SGACS-containing and 5’ splice
site-like elements has been determined (Romfo et al.,
this issue). Both types of trans-splicing enhancers func-
tion to dramatically increase the levels of U2AF and U2
snRNP recruited to the 3’ acceptor complex. Upon
blockage of the branchpoint interaction region of U2, a
build-up of U2AF is observed. Perhaps most intriguing
is the fact that, upon blockage of the 5’ end of U1, the
5" splice site-like enhancer does not promote U2 or
U2AF addition, demonstrating that interaction of Ul
with the exon is required for U2AF binding upstream.

Interplay between Ul snRNP and
the trans -splicing machinery

In addition to the classic role of U1 snRNP in base
pairing to 5’ splice sites as an initial event in the cis-
splicing pathway, other functions have also been as-
cribed. These include the 5" splice site-independent
interaction between Ul and U2 (Zillmann et al., 1987;
Barabino et al., 1990; Fu & Maniatis, 1992). This inter-
play was further determined to be refractory to either
RNase H-targeted removal of the 5’ end of Ul (Fu &
Maniatis, 1992) or blockage of this same region with a
2'-0O-methyl oligonucleotide (Barabino et al., 1990). In
fact, participation of U1 snRNP in some aspect of pre-
MRNA splicing, other than base pairing to the 5’ splice
site, was demonstrated through the use of nonstan-
dard substrates (Seiwert & Steitz, 1993).

Perhaps the most intriguing of the proposed roles of
Ul in pre-mRNA splicing relates to the ability of Ul
snRNP to promote splicing of upstream introns through
exon definition (Robberson et al., 1990). Direct inter-
action of the 5’ end of U1 snRNA was shown to medi-
ate this effect (Talerico & Berget, 1990; Kreivi et al.,
1991; Kuo et al., 1991). In this case, Ul is able to
positively effect the splicing of an upstream intron
through promotion of complex formation on the 3’ splice
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site of the preceding intron (Hoffman & Grabowski, 1992;
Chiara & Reed, 1995). It has been suggested that this
role for U1 might actually indicate its major function
(Cohen et al., 1994; Hwang & Cohen, 1996). In trans-
splicing, where there is no required base pairing inter-
action between the 5’ splice site and U1 (Hannon et al.,
1991), we have demonstrated that U1 interaction with
a sequence downstream of the 3’ trans acceptor can
positively affect the reaction. Due to the fact that the 5’
splice site in the trans-splicing reaction is contained on
a single SL RNP in A. lumbricoides, there is no possi-
bility of differences in the sequence of the 5’ splice site
that might allow for regulation of trans-splicing. The
inclusion of discrete splicing enhancers or 5’ splice
sites downstream of the trans-spliced 3’ splice site might
allow for some level of trans-splicing regulation. This
would be especially important in cases where there is
a decision between cis- and trans-splicing as in the
case of the fert-1 gene (Spicher et al., 1994). In addi-
tion, the fact that 5’ splice sites normally follow 3’ trans
acceptors in nematodes may allow for exon definition
to actively promote constitutive trans-splicing, within
distance constraints, in a large number of transcripts.

Complexes formed on 3 '’ splice sites

In the past several years, the complexity of proteins
that assemble on 3’ splice sites has grown with the
identification of new protein factors as well as their
interactions with both cis-acting elements and each
other. The region of the pre-mRNA from the branch
point to the 3’ splice site has been shown to be impor-
tant for the interaction of SF1/BBP (Berglund et al.,
1997), U2AF® (Ruskin et al., 1988), U2AF3® (Meren-
dino et al., 1999; Wu et al., 1999; Zorio & Blumenthal,
1999), PUF60 (Query et al., 1997; Page-McCaw et al.,
1999), SRp54 (Query et al., 1997; Page-McCaw et al.,
1999; or with py-rich intronic elements upstream of the
branch point; Kennedy et al., 1998), and several other
proteins (for review, see Reed & Palandjian, 1997).
Two pairs of these factors act together in the form of
the U2AF heterodimer and a complex of SRp54 and
PUF60 (Zamore & Green, 1989; Page-McCaw et al.,
1999). Interestingly, poly U-depleted splicing extracts
cannot be complemented with U2AF® alone, but in
fact require U2AF®® as well as PUF60 and SRp54
(Page-McCaw et al., 1999). It has also been suggested
that SRp54 might play a large role in intron bridging in
organisms that contain short introns (Kennedy et al.,
1998). In part, this model incorporates SRp54’s unique
protein—protein interaction profile, particularly, its inter-
action with U2AF®° and its lack of interactions with U1
70kDa and U2AF3® (Zhang & Wu, 1996). Very recently,
Blumenthal and colleagues have determined that both
complexes, U2AF heterodimer as well as PUF60/
SRp54, are necessary components of a 3’ splice site
recognition complex through the use of an assay based
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on nuclear retention of transcripts containing multiple
copies of a nematode 3’ splice site (MacMorris et al.,
1999, T. Blumenthal, pers. comm.). All of this complex-
ity related to factors at the 3’ splice site has raised the
possibility of transcript-specific assembly of early splice-
osomal constituents (Kennedy et al., 1998). In fact, if
trans-splicing is an extreme example of intron defini-
tion (Bruzik, 1996), then it is possible that nematodes
employ both exon definition, as seen here with the se-
lection of 5 splice site-like elements, as well as intron
definition, the trans-splicing reaction itself. In addition,
it is also possible that the nature of the enhancing ele-
ment and its frans-acting factors might allow for differ-
ent types of 3’ splice site complexes to form, thus
allowing for selectivity in the types of splicing reactions
that ensue as well as their regulation.

MATERIALS AND METHODS

Selection of trans -splicing enhancers

The starting cis-spliced construct used in the selection pro-
cedure (Fig. 1) has been previously described (Hannon et al.,
1991). A unique Bglll restriction site was introduced 82 nt
downstream of the 3’ splice site through overlap PCR (Ho
et al., 1989). A fragment of this cis-splicing construct was
subcloned into pSP73 (Promega) whose Bglll site was elim-
inated. The cis 3’ half clone (wild-type starting clone) con-
tained 121 nt of the cis intron followed by 151 nt of exon
sequence. A stretch of 18 random nucleotides was sub-
sequently introduced between position +103 and +121 of
the 3’ exon via overlap PCR (Ho et al., 1989). After selection
for precursors that allowed for efficient trans-splicing, the prod-
uct of the reaction was gel purified and served as the material
for RT/PCR using an antisense 3’ primer including the Hindlll
site and a sense primer corresponding to bases 1-20 of the
A. lumbricoides SL exon (Nilsen et al., 1989). The DNA frag-
ment corresponding to the trans-spliced product was then cut
with Bglll and Hindlll to generate a 69-bp fragment that was
reinserted into the starting wild-type trans-splicing substrate.
This procedure (trans-splicing, gel purification of the product,
RT/PCR, subcloning back into the starting material) was per-
formed for a total of seven rounds.

A. lumbricoides whole-cell extracts and body labeled tran-
scripts were prepared as previously described (Hannon et al.,
1990). Splicing reactions were performed as described (Han-
non et al., 1990), except that the reactions containing mixed
populations were scaled up to 25 uL and were supplemented
with 50 ng of unlabeled transcript. In the initial splicing reac-
tion, this allowed for approximately five times coverage of the
18n possible sequences. The randomized starting construct
pool was found to contain 48% purine and 52% pyrimidine
(13% A, 21% C, 35% G, 31% T). Competitor RNA exon frag-
ments were 121 nt in length and included sequences from
the Bglll site (+82) to the Hindlll site (+151) as well as
polylinker sequences. Each of the competitor RNAs was iden-
tical except for the region within the 18 nt that were the sub-
ject of the selection process. Splicing reactions containing
indicated amounts of competitor RNAs were incubated on ice
for 30 min followed by the addition of the labeled substrate to
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initiate the splicing reaction. The 5" end of U1 snRNA was
blocked in splicing reactions by preincubating a 2'-O-methyl
oligonucleotide (200 ng) complementary to bases 1-14 with
the splicing reaction for 5 min at room temperature prior to
the addition of the labeled substrate. All splicing reactions
were separated on 5% denaturing PAGE and visualized by
autoradiography.

Crosslinking to site-specifically
labeled substrates

Site-specifically labeled RNAs clone 7.1 (3XSGACS) or 7.2
(5’ ss) were prepared essentially as described (Maroney et al.,
2000). The single 2P label was positioned at the C in the
central SGAC*S element (7.1) and in the middle of the 5’
splice site in clone 7.2 (AGGU*AAGUU). RNase H (USB/
Pharmacia) cleavage of 40 pmol of transcript was performed
with 60 pmol of chimeric 2’-O-methyl/deoxy oligonucleotide
(Lapham & Crothers, 1996; Lapham et al., 1997). Hybridiza-
tion of the chimeric oligonucleotide to the target RNA was
found to improve cleavage efficiency. Oligo and RNA were
incubated at 90°C for 30 s and slow cooled from 90°C to
37°C over 30 min prior to the addition of RNase H. Protein—
RNA crosslinking reactions were as described (Wu & Green,
1997). Samples were resolved on 11% SDS-PAGE and vi-
sualized by autoradiography. RNA-RNA crosslinking reac-
tions were performed as follows. Splicing reactions (10 ul)
were incubated with 30,000 cpm of site-specifically labeled
RNA for 5 min on ice and then exposed to 365 nm light
for 20 min in the presence or absence of 40 ug/mL AMT
psoralen. Reactions were proteinase K treated and phenol/
chloroform/isoamyl alcohol (50/49/1) extracted. Samples were
separated on a 5% denaturing PAGE and visualized by auto-
radiography. Blockage with 2'-O-methyl oligonucleotides com-
plementary to either the 5’ end of U1 snRNA (nt 1-14) or the
branchpoint interaction region of U2 (nt 29—45) was accom-
plished by preincubating the reaction in the presence of the
oligonucleotide for 10 min at room temperature prior to the
addition of the labeled substrate.
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