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REPORT

A general role for splicing enhancers
in exon definition

BIANCA J. LAM and KLEMENS J. HERTEL
Department of Microbiology and Molecular Genetics, College of Medicine,
University of California, Irvine, California 92697-4025, USA

ABSTRACT

Exonic splicing enhancers (ESEs) facilitate exon definition by assisting in the recruitment of splicing factors to the
adjacent intron. Here we demonstrate that suboptimal 5 9 and 39 splice sites are activated independently by ESEs when
they are located on different exons. However, when they are situated within a single exon, the same weak 5 9 and 39
splice sites are activated simultaneously by a single ESE. These findings demonstrate that a single ESE promotes the
recognition of both exon/intron junctions within the same step during exon definition. Our results suggest that ESEs
recruit a multicomponent complex that minimally contains components of the splicing machinery required for 5 9 and
39 splice site selection.
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INTRODUCTION

The removal of introns in higher eukaryotes requires
the assembly of the spliceosome to accurately recog-
nize short, poorly conserved 39 and 59 splice sites (Reed
& Palandjian, 1997;Burge et al+, 1999)+The presence of
weakly conserved splice sites allows extensive alter-
native pre-mRNA splicing to occur, one of several pro-
cesses that exponentially enrich the proteomic diversity
of higher eukaryotic organisms (Black, 2000; Graveley,
2001)+ Current estimates indicate that more than 60%
of human genes are alternatively spliced, sometimes
leading to hundreds of different mRNA isoforms from a
single gene+ However, poorly conserved splice sites
can lead to aberrant splicing, often compromising the
expression of the correct gene products (Krawczak et al+,
1992; Nakai & Sakamoto, 1994; Carstens et al+, 1997;
Lee & Feinberg, 1997; Stoppa-Lyonnet et al+, 1997)+

Based on the observation that the majority of exons
are significantly shorter than introns, it has been pro-
posed that exons are basic units of recognition in higher
eukaryotes (Berget, 1995)+ Studies on regulated alter-
native splicing have identified exonic cis-acting ele-
ments, referred to as exonic splicing enhancers (ESEs),

that facilitate the process of exon definition+ These ele-
ments are capable of activating weak splice sites in
adjacent introns+ It is now appreciated that ESEs are
not only components of regulated exons but also of
constitutively spliced exons (Mayeda et al+, 1999;Schaal
& Maniatis, 1999)+ Generally, ESEs are binding sites
for members of the serine/arginine-rich (SR) protein
family of essential splicing factors+ The assembled SR
proteins, in turn, are thought to directly or indirectly
recruit individual components of the spliceosome to the
exon prior to the removal of adjacent introns (Fu, 1995;
Manley & Tacke, 1996; Tacke & Manley, 1999; Blen-
cowe, 2000; Graveley, 2000)+

The doublesex (dsx) repeat element (dsxRE) is a
well-characterized ESE consisting of six nearly identi-
cal 13-nt repeat elements that are binding sites for
Transformer (Tra), Transformer 2 (Tra2), and an addi-
tional SR protein+ When fully assembled, the dsxRE
complex activates the recognition of a weak, sex-specific
39 splice site (Ryner & Baker, 1991; Tian & Maniatis,
1992; Lynch & Maniatis, 1996; Tacke & Manley, 1999)+
It was demonstrated that each 13-nt element additively
increases dsx splicing efficiency, implying that each en-
hancer complex interacts with a single target during
spliceosomal assembly, presumably U2AF (Hertel &
Maniatis, 1998;Graveley, 2001)+Recently, Tra and Tra2
have also been shown to activate female-specific 59
splice site choice in fruitless (fru ; Ryner et al+, 1996;
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Heinrichs et al+, 1998)+ Interestingly, three of the same
13-nt enhancer elements directing alternative splicing
in dsx were identified to regulate female-specific splic-
ing in fru, most likely through recruitment of U1 (Jami-
son et al+, 1995; Zahler & Roth, 1995; Graveley, 2000)+
In contrast to the conclusions drawn from the dsx stud-
ies, a comparison of the fru repeat element (fruRE)
and dsxRE activities suggested that certain ESEs may
interact with more than one spliceosomal target for the
recognition of 39 and 59 splice sites+ Further support for
this suggestion comes from recent investigations de-
scribing the ESE-dependent activation of alternative
exons that are flanked by suboptimal splice sites (Bour-
geois et al+, 1999; Selvakumar & Helfman, 1999)+ How-
ever, the interpretations of these latter results were
limited by the fact that multiple ESEs appear to be
involved in the activation of the regulated exons+

In this study, we set out to determine if the stimula-
tory activity of an individual ESE is limited to the acti-
vation of one of the splice sites, or if a single ESE
simultaneously promotes the recognition of both exon/
intron junctions+ Using heterologous substrates for in
vitro splicing,we demonstrate that the activation of weak
splice sites by ESEs located on different exons occurs
synergistically+ In agreement with the exon definition
model, our results demonstrate that the recognition of
each suboptimal exon constitutes an independent rate-
limiting step during spliceosome assembly+ However,
when the ESEs are situated within one exon that is
flanked by suboptimal splice sites, the activities of both
ESEs were observed to be additive+ These results dem-
onstrate that an individual enhancer complex is suffi-
cient to activate both weak splice sites+ We conclude
that an ESE recruits a complex that minimally contains
factors necessary for both 39 and 59 splice site recog-
nition+ Our data is consistent with a model in which
components of the splicing machinery that define the
boundaries of exon/intron junctions are assembled prior
to recruitment to the exon+

RESULTS

Splicing enhancers act as synergistic
splice site activators when located
on different exons

Sex-specific splicing of dsx and fru depends on the
activities of multiple conserved 13-nt ESE elements
that are recognized by Tra and Tra2+Because the dsxRE
and fruRE activate the recognition of a 39 and a 59
splice site, respectively, it is possible that certain ESEs
recruit more than one spliceosomal component to the
exon+ To test this hypothesis, we generated a hetero-
logous pre-mRNA (fru59ss/dsx39ssMS2) gene con-
struct that contains the regulated female-specific fru 59
splice site and the weak female-specific dsx 39 splice
site on different exons (Fig+ 1A)+ Because each of these

splice sites is poorly recognized in its natural context
and limits the efficiency of spliceosome assembly (Ryner
& Baker, 1991; Tian & Maniatis, 1992; Heinrichs et al+,

FIGURE 1. Synergistic activation of intron removal+ A: Schematic of
fru59ss/dsx39ssMS2 pre-mRNAcontaining enhancer dependent splice
sites on separate exons+ Boxes represent exons+ Light gray boxes
within exons represent the Tra/Tra2-dependent fruRE+ Black boxes
within exons represent the MS2-RS dependent enhancer+ Lines be-
tween the boxes represent introns+ Solid lines above the pre-mRNA
illustrate the splicing pathway+ Slashes represent the junction be-
tween fru and dsx sequences+ B: Representative autoradiograph
showing splicing efficiencies after 2 h of incubation, rate constants,
and fold activation for fru59ss/dsx39ssMS2 splicing with 25% HeLa
nuclear extract+ Lane 1 contains no complementation+ Lane 2 is sup-
plemented with 400 nM Tra/Tra2+ Lane 3 is supplemented with 200 nM
MS2-RS9G8+ Lane 4 is supplemented with 400 nM Tra/Tra2 and
200 nM MS2-RS9G8+ Identities of unspliced and spliced RNAs are
indicated on the right+ Rate constants and fold activation are indi-
cated on the bottom+ C: Bar graph representing the fold activation of
rate constants+ X-axis corresponds to the lanes in B+ Y values rep-
resent the fold activation as shown in B+
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1998), intron removal from the fru59ss/dsx39ssMS2 con-
struct requires the juxtaposition of two suboptimal splice
sites+ In this configuration, the weak female-specific fru
59 splice site in fru59ss/dsx39ssMS2 is activated by its
native ESE (fruRE) that contains three 13-nt repeat
elements recognized by Tra, Tra2, and an SR protein
(Heinrichs & Baker, 1995; Lynch & Maniatis, 1996)+
Similar to the experimental design utilized in previous
studies (Graveley & Maniatis, 1998), the weak 39 splice
site of dsx in the fru59ss/dsx39ssMS2 construct is ac-
tivated by specific interactions between MS2-RS fusion
proteins and the MS2 binding site located approxi-
mately 70 nt downstream of the 39 splice site+ Thus, the
design of the fru59ss/dsx39ssMS2 construct permits
the independent activation of the fru 59 or the dsx 39
splice sites by the addition of recombinant Tra/Tra2
and/or the MS2-RS fusion protein MS2-RS9G8 to HeLa
cell nuclear cell extracts+

In vitro splicing assays were performed in the pres-
ence or absence of saturating amounts of Tra/Tra2
and/or MS2-RS9G8 to evaluate the splicing efficiency of
fru59ss/dsx39ssMS2+ For each set of conditions, the
splicing reaction was followed over a period of up to
2 h+ Splicing efficiencies were derived from rate mea-
surements as previously described (Hertel & Maniatis,
1998)+ Although no measurable spliced products were
detected in the absence of these recombinant proteins,
the addition of either the Transformer or MS2-RS fu-
sion proteins resulted in a small but significant activa-
tion over background levels (Fig+ 1B, lanes 1–3)+ Kinetic
analysis indicated that each enhancer complex in-
creased intron removal by a factor of at least 10-fold
over background levels (Fig+ 1C; Table 1)+ This obser-
vation is surprising because it suggests that an ESE
located on one exon can positively influence the rec-
ognition of a weak splice site on a neighboring exon+
By contrast, constitutive splice sites that conform to
consensus sequences without an ESE have no signif-
icant influence on weak splice sites of neighboring ex-
ons+ For example, the common 39 splice site in fru
cannot positively influence recognition of the upstream
weak female 59 splice site (Ryner et al+, 1996; Hein-
richs et al+, 1998)+ Similarly, the constitutive 59 splice
site of dsx exon 3 cannot compensate for the subopti-

mal 39 splice site of exon 4 (Ryner & Baker, 1991; Tian
& Maniatis, 1992)+We conclude that ESEs are capable
of activating not only weak splice sites within the same
exon, but also weak splice sites across the intron+ Im-
portantly however, the activation of both ESEs by the
addition of both the Tra/Tra2 and MS2-RS9G8 proteins
further increased the accumulation of the spliced prod-
uct considerably to levels greater than two orders of
magnitude over background activity (Fig+ 1B, lane 4,
1C)+

Analysis of the processing kinetics shown in Figure 1
clearly indicates synergistic activation when both en-
hancer complexes are allowed to form (Fig+ 1B,C)+These
results suggest that the activity of each ESE acceler-
ates a different rate-limiting step during exon definition,
presumably the recruitment of U1 snRNP to the 59 splice
site and the U2AF heterodimer to the 39 splice site+
Alternatively, the observed synergy could arise from
cooperative binding interactions between enhancer
elements across the intron+ To test for possible coop-
erative binding interactions between the enhancer com-
plexes, we examined the assembly efficiency of the
MS2-RS9G8 enhancer complex in the presence or ab-
sence of the Tra/Tra2-dependent enhancer complex+
Although the overall efficiency of intron removal was,
as expected, more efficient in the presence of both
enhancers, first-order kinetics were observed and the
concentration of MS2-RS9G8 required for half-maximal
activation remained nearly unchanged (Fig+ 2)+ This
finding demonstrates that the synergistic activation of
intron removal is not caused by advantageous binding
interactions between the ESEs tested+ Thus, in agree-
ment with previous studies, we conclude that each en-
hancer complex assembles independently (Hertel &
Maniatis, 1998)+

Individual enhancer elements activate the
recognition of both exon splice sites within
the same step of spliceosome assembly

Although the synergistic effects of the fru59ss/
dsx39ssMS2 splicing reaction are consistent with the
recruitment of different components of the splicing ma-
chinery, this result might also be explained by the in-

TABLE 1 + Rate constants and fold activation for fru59ss/dsx39ssMS2 and dsx39ssMS2/fru59ssa

Substrate
None
(h21)

Tra/Tra2
(h21)

MS-RS9G8

(h21)
Tra/Tra2/MS-RS9G8

(h21)

fru59ss/dsx39ssMS2 0+5 6 0+1 3 1022 4 6 2 3 1022 9 6 2 3 1022 89 6 9 3 1022

Fold activation 1 8 6 4 18 6 5 170 6 17
dsx39ssMS2/fru59ss 1 6 0+1 3 1022 4 6 0+5 3 1022 7 6 1+5 3 1022 13 6 0+3 3 1022

Fold activation 1 4 6 1 7 6 2 13 6 2

aEach value was determined from at least two independent splicing reactions consisting of six time points over a 2-h time
period+ Experimental error for each rate determination is within 20%+ Rates determined from different experiments varied
less than 50%+
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dependent recruitment of a common component to the
ESEs of each exon+ In other words, because each exon
contains a weak splice site, its recognition might con-
stitute a different rate-limiting step during exon defini-
tion+We therefore questioned whether ESE-dependent
synergy would be observed if the enhancer-dependent
splice sites and enhancers were located on the same
exon+ To address this question, we generated a three-
exon substrate (dsx39ssMS2/fru59ss) that contains both
enhancer-dependent splice sites and their respective
enhancers all within the internal exon (Fig+ 3A)+ Syn-
ergistic activation of internal exon inclusion would be
expected if each ESE complex independently activates
its flanking weak splice site+ The processing efficiency
of this pre-mRNA was determined as described for the
fru59ss/dsx39ssMS2 construct+ In the absence of re-
combinant proteins, low background activities were de-
tected (Fig+ 3B, lane 1), and as anticipated, addition of
the Tra/Tra2 or MS2-RS9G8 proteins significantly in-
creased intron removal by 4 and 7-fold, respectively
(Fig+ 3B, lanes 2 and 3)+ Unexpectedly, the activation of
both ESEs by the addition of the Tra/Tra2 and MS2-

RS9G8 proteins did not lead to a dramatic increase in
splicing efficiency as observed for fru59ss/dsx39ssMS2
(Fig+ 3B, lane 4)+ Only a 13-fold activation over back-
ground levels was detected+ A comparison of splicing
efficiencies, initial rates, and fold activation revealed
that the presence of both enhancer complexes results
not in a synergistic, but in an additive increase in these
parameters of intron removal (Fig+ 3B,C; Table 1)+ We
therefore conclude that each ESE in dsx39ssMS2/
fru59ss activates the same rate-limiting step during exon
definition+

DISCUSSION

Splicing enhancers activate both
exon splice sites within the same
step of exon definition

The formation of the early spliceosomal E complex
containing U1 snRNP, U2AF, and SF1 commits the
pre-mRNA to the splicing pathway and is therefore
considered a crucial step during exon definition (Reed,

FIGURE 2. Titration of MS2-RS9G8 on
fru59ss/dsx39ssMS2 pre-mRNA+ Schematic
of pre-mRNA is shown in Figure 1A+ A: MS2-
RS9G8 titration in 25% HeLa nuclear extract
with or without 400 nM Tra/Tra2+ Identities of
unspliced and spliced RNAs are indicated
on the right+ Splicing efficiency is indicated
on the bottom+ B: Splicing efficiency was
graphed as a function of MS2-RS9G8 con-
centration and then fitted to an isotherm+ Dis-
sociation constants are indicated in the graph+
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1996; Reed & Palandjian, 1997; Burge et al+, 1999)+
ESEs assist early spliceosomal complex formation by
interacting with components of the splicing machinery
that make up E complex+ By introducing suboptimal 59
and 39 splice sites into test pre-mRNAs, exon definition
was made dependent on the activities of two ESEs+
The results presented in Figures 1 and 3 demonstrate
that the contribution of two ESEs towards exon defini-
tion is contingent on whether the suboptimal splice sites
they activate are located within the same or on different
exons+ Based on current views of exon definition, each
exon should be recognized by the splicing machinery
as an independent unit (Berget, 1995)+ In agreement
with this interpretation, we observe synergistic splicing
kinetics with the fru59ss/dsx39ssMS2 construct (Fig+ 1)+
Each exon in the fru59ss/dsx39ssMS2 construct con-
tains a suboptimal splice site that requires the activity
of an ESE for sufficient recognition by the splicing ma-
chinery+ Thus, the initial definition of each exon consti-
tutes an independent and rate-limiting step in intron
removal (Fig+ 4A)+

We were surprised to observe that the activation of a
single ESE in the fru59ss/dsx39ssMS2 pre-mRNA led

to any measurable splicing activity (Fig+ 1B)+ In their
natural context, the fru and dsx alternative exons are
flanked by exons that contain constitutively active splice
sites+ Therefore, functional flanking splice sites cannot
compensate for the splicing deficiency at the regulated
exon+ Splicing of the fru59ss/dsx39ssMS2 pre-mRNA,
however, requires the activation of two weak juxtapos-
ing splice sites+ The observed increase in intron re-
moval by the activation of only one of the two ESEs
demonstrates that splicing enhancers can positively in-
fluence the recognition of a weak splice site on a neigh-
boring exon+ In other words, this result shows that ESEs
are capable of activating not only weak splice sites
within the same exon, but also weak splice sites flank-
ing adjacent exons+ These data extend earlier findings
that demonstrated that the dsxRE is able to suppress
59 splice site mutations across the intron (Tian & Ma-
niatis, 1993)+ Further studies will be required to deter-
mine if the magnitude of this cross-intron rescue is
dependent on intron length+

Our analysis using the dsx39ssMS2/fru59ss pre-
mRNA allows us to conclude that each ESE activates
the same rate-limiting step during exon recognition when

FIGURE 3. Additive effects in splice site activa-
tion+ A: Schematic of dsx39ssMS2/fru59ss pre-
mRNA containing enhancer-dependent splice
sites on the same exon+ Boxes represent exons+
Dark gray boxes are constitutive exons+ Boxes
within exons represent enhancers as described
in Figure 1A+ The middle exon represents a fu-
sion of dsx and fru exons to generate weak 39
and 59 splices sites within the same exon+ A
slash indicates the junction between dsx and fru
sequences+ Lines between the boxes represent
introns+ Numbers on top of the lines differentiate
the two introns+ The solid lines above the pre-
mRNA illustrate the splicing pathway+ B: Repre-
sentative autoradiograph showing splicing
efficiencies after 2 h of incubation, splicing effi-
ciency, initial rates, and fold activation for
dsx39ssMS2/fru59ss splicing in 20% HeLa nu-
clear extract+ Lane 1 contains no complementa-
tion+ Lane 2 is supplemented with 400 nM Tra/
Tra2+ Lane 3 is supplemented with 200 nM MS2-
RS9G8+ Lane 4 is supplemented with 400 nM
Tra/Tra2 and 200 nM MS2-RS9G8+ Identities of
unspliced and spliced RNAs are indicated on
the right+ Splicing efficiencies and fold activation
are indicated on the bottom+ C: Bar graph rep-
resenting the fold activation of rate constants+
X-axis corresponds to the lanes in B+ Y values
represent the fold activation as shown in B+

Defining splice sites during exon recognition 1237



FIGURE 4. See legend on facing page+

1238 B.J. Lam and K.J. Hertel

A 

B 

Exon Exon 

Exon 

~ 

~(;) @ i~.1 ... :Jo.__ __ ----i.----Ex,.....on---. 

c 

Exon 



one exon with two suboptimal splice sites is defined
(Fig+ 3)+ These observations strongly suggest that ESE-
assisted exon definition, and therefore the recognition
of both exon/intron junctions, occurs within the same
step during the assembly of the spliceosome+ In addi-
tion, our results suggest that each ESE is capable of
suppressing deficient 59 and 39 splice site signals,most
likely by recruitment of U1 snRNP and U2AF+ For this to
occur within the same rate-limiting step implies that a
single ESE complex can simultaneously recruit com-
ponents of the splicing machinery to both exon/intron
junctions (Fig+ 4B)+ Thus, we conclude that ESE com-
plexes can function bidirectionally during exon defini-
tion+ That is, ESE complexes enhance exon definition
by the concurrent recruitment of splicing factors re-
quired for the recognition of both 59 and 39 splice sites+

Based on the use of suboptimal splice sites, it is
reasonable to assume that the recruitment of U1 snRNP
to the 59 splice site and U2AF/U2 snRNP to the 39
splice site is impaired in the test substrates (Blencowe,
2000; Graveley, 2000; Graveley et al+, 2001)+ Because
of their well-documented RS domain interactions, SR
proteins, such as SC35 and ASF/SF2, have been pro-
posed to act as a bridge between U1 snRNP and U2AF
(Wu & Maniatis, 1993; Zuo & Maniatis, 1996)+ The ESE
complexes used here contain at least one SR protein
or RS-fusion protein+ As it is currently unclear if the
proposed interactions between U1 snRNP/U2AF and
the enhancer complex (Fig+ 4) are direct or indirect,
additional SR proteins present in HeLa cell nuclear ex-
tracts may be required+ Thus, ESEs may nucleate the
assembly of protein/protein and protein/RNA networks
that ultimately lead to the simultaneous recruitment of
U1 snRNP and U2AF (Reed, 1996)+

Splicing enhancers recruit a
pre-spliceosome to the exon

Previous studies supported a model in which the splice-
osome assembled in a stepwise manner onto splice
site signals of the pre-mRNA+ These observations led
us to our first hypothesis that ESEs recruit different
splicing factors at distinct steps of assembly+ However,
our in vitro splicing results on dsx39ssMS2/fru59ss ques-
tion this model because the kinetic data suggests si-
multaneous recruitment of splicing factors to both exon/
intron junctions+ An attractive alternative explanation

consistent with the data presented here would be the
ESE-dependent recruitment of a pre-spliceosomal com-
plex containing, at least,U1 snRNP and U2AF (Fig+ 4C)+
Support for the proposed model comes from the recent
identification and characterization of a functionally sig-
nificant particle in yeast containing more than 60 splic-
ing factors, including all five spliceosomal snRNPs
(Nilsen, 2002; Stevens et al+, 2002)+ This complex was
isolated by glycerol gradient sedimentation and ap-
peared to form the precursor of the active spliceosome
independently of the pre-mRNA+ In fact, addition of sol-
uble factors from micrococcal nuclease-treated yeast
extract allowed the penta-snRNP to become active+
Furthermore, it was hypothesized that the nuclease-
treated extract is only providing certain pre-mRNA rec-
ognition factors and ATPases needed for conformational
changes that would allow this pre-spliceosome to be-
come active (Stevens et al+, 2002)+ Due to their ability
to interact with several spliceosomal factors, it is likely
that SR proteins are components of the metazoan ver-
sion of this higher order snRNP complex+ According to
this scenario, SR proteins could tether U1 snRNP,U2AF,
U2 snRNP, and other splicing factors in a multiprotein
complex to the pre-mRNA in a single step through their
interactions with ESEs or exonic splicing enhancer com-
plexes+ Future experiments will concentrate on testing
the validity of this model+

MATERIALS AND METHODS

RNAs used in splicing reactions

The minigene fru59ss/dsx39ssMS2 contains the female-
specific fru 59 splice site and the weak dsx 39 splice site on
different exons, each activated by independent enhancers+
MS2-RS9G8 activates the dsx 39 splice site by recognition of
a downstream MS2 hairpin+ Tra/Tra2 binds the fruRE ele-
ment to activate the female-specific 59 splice site of fru+ To
construct fru59ss/dsx39ssMS2, a BstXI fragment from
dsx(70)M2 (Graveley & Maniatis, 1998) was inserted into the
SmaI/PvuII digested fruF minigene (A+ Bakshi, B+ Lam, F+Y+
Ekinci, J+K+ Webb, B+ Graveley & K+ Hertel, in prep+)+ The
minigene dsx39ssMS2/fru59ss contains the same splice sites
and respective enhancers within one internal exon+
dsx39ssMS2/fru59ss was generated by fusing the dsx and fru
minigenes+ To construct dsx39ssMS2/fru59ss, an EcoRV/
PvuII fragment of the FruF minigene was inserted into the

FIGURE 4. Model for enhancer-dependent exon definition+ Exons, exonic splicing enhancers, SR proteins, and selected
splicing factors are indicated+ Suboptimal splice sites are denoted by GU and Py-AG+ Arrows denote interactions between
or recruitment of splicing factors, SR proteins, and/or splice sites+ A: Synergy arises when suboptimal splice sites are
present on different exons+ Enhancer complexes are recruited independently to each exon and activation of each splice site
constitutes different rate-limiting steps in exon definition+ B: When suboptimal splice sites are located within the same exon,
each ESE complex activates the same rate-limiting step of exon definition+ Each ESE complex simultaneously recruits
components of the general splicing machinery required for the recognition of the 59 and 39 splice sites+ C: SR proteins
tethered to exonic splicing enhancers may recruit a higher order spliceosomal complex during exon definition+
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SacI site of dsx(70)M2 (Graveley & Maniatis, 1998)+ Inser-
tion at the SacI site of dsx(70)M2 leaves two MS2 hairpins in
the resulting construct+ fru59ss/dsx39ssMS2 was linearized
with Pst I, in vitro transcribed with SP6 RNA Polymerase (Pro-
mega), uniformly labeled with 32P, and gel purified on 7 M
urea polyacrylamide gel+ dsx39ssMS2/fru59ss was linearized
with HindIII, in vitro transcribed with T7 RNA Polymerase
(Promega), uniformly labeled with 32P, and gel purified on
7 M urea polyacrylamide gel+

Recombinant proteins

Recombinant baculoviruses expressing Tra,Tra2,MS2-RS9G8,
and their purification were as described previously (Tian &
Maniatis, 1992; Lynch & Maniatis, 1996)+

In vitro splicing reactions

In vitro splicing reactions for fru59ss/dsx39ssMS2 were per-
formed in 25% HeLa nuclear extract, 1 mM ATP, 20 mM
creatine phosphate, 3+2 mM MgCl2, 5 U RNasin (Promega),
1 mM DTT, 72+5 mM KCl, and 20 mM HEPES, pH 7+9+ No
proteins, 400 nM Tra/Tra2 and/or 200 nM MS2-RS9G8 was
supplemented as indicated in Figure 1+ For titration experi-
ments, MS2-RS9G8 was added from 0–200 nM without Tra/
Tra2 or in the presence of 400 nM Tra/Tra2+ Total reaction
volume was 25 mL+ Unless otherwise indicated, splicing re-
actions were performed for 2 h at 30 8C+ Following incuba-
tion, reactions were proteinase K digested, phenol chloroform
extracted, and ethanol precipitated prior to PAGE separation+
In vitro splicing reactions for dsx39ssMS2/fru59ss were per-
formed as for fru59ss/dsx39ssMS2, except 20% HeLa nu-
clear extract was used+

Quantitation and analysis
of splicing reactions

Bands were visualized and quantitated using PhosphorIm-
ager analysis (BioRad)+ Percent spliced is defined as spliced
products/(unspliced product 1 spliced products)+ To derive
kinetic rate constants for fru59ss/dsx39ssMS2, time points
(0+75, 1, 1+25, 1+75, and 2 h) were fit to a first-order rate
description for product appearance+ Rate constants for
dsx39ssMS2/fru59ss were derived from initial rates assuming
complete conversion of pre-mRNAs to spliced products+ Ti-
tration data were fit to a single binding isotherm+ The back-
ground was determined individually for each lane, as the total
number of substrate and product counts varied throughout a
time course+

ACKNOWLEDGMENTS

We thank Wesley G+ Hatfield, Bert Semler, Rozanne Sandri-
Goldin, and the Hertel laboratory for helpful comments on the
manuscript+ We also thank Bruce Baker for sharing plasmid
constructs+ This work was supported by a National Institutes
of Health Research Grant GM-62287 (K+J+H+)+

Received July 15, 2002; returned for revision
July 31, 2002; revised manuscript received August 6, 2002

REFERENCES

Berget SM+ 1995+ Exon recognition in vertebrate splicing+ J Biol Chem
270:2411–2414+

Black DL+ 2000+ Protein diversity from alternative splicing: A chal-
lenge for bioinformatics and post-genome biology+ Cell 103:
367–370+

Blencowe BJ+ 2000+ Exonic splicing enhancers: Mechanism of ac-
tion, diversity and role in human genetic diseases+ Trends Bio-
chem Sci 25:106–110+

Bourgeois CF, Popielarz M, Hildwein G, Stevenin J+ 1999+ Identifica-
tion of a bidirectional splicing enhancer: Differential involvement
of SR proteins in 59 or 39 splice site activation+ Mol Cell Biol
19:7347–7356+

Burge CB, Tuschl T, Sharp PA+ 1999+ Splicing of precursors to mRNAs
by the spliceosome+ In: Gesteland RF, Cech TR, Atkins JF, eds+
The RNA world+ Cold Spring Harbor, New York: Cold Spring Har-
bor Laboratory Press+ pp 525–560+

Carstens RP, Eaton JV, Krigman HR,Walther PJ, Garcia-Blanco MA+
1997+ Alternative splicing of fibroblast growth factor receptor 2
(FGF-R2) in human prostate cancer+ Oncogene 15:3059–3065+

Fu X-D+ 1995+ The superfamily of arginine/serine-rich splicing fac-
tors+ RNA 1:663–680+

Graveley BR+ 2000+ Sorting out the complexity of SR protein func-
tions+ RNA 6:1197–1211+

Graveley BR+ 2001+ Alternative splicing: Increasing diversity in the
proteomic world+ Trends Genet 17:100–107+

Graveley BR, Hertel KJ, Maniatis T+ 2001+ The role of U2AF35 and
U2AF65 in enhancer-dependent splicing+ RNA 7:806–818+

Graveley BR, Maniatis T+ 1998+ Arginine/serine-rich domains of SR
proteins can function as activators of pre-mRNA splicing+Mol Cell
1:765–771+

Heinrichs V, Baker BS+ 1995+ The Drosophila SR protein RBP1 con-
tributes to the regulation of doublesex alternative splicing by rec-
ognizing RBP1 RNA target sequences+ EMBO J 14:3987–4000+

Heinrichs V, Ryner LC, Baker BS+ 1998+ Regulation of sex-specific
selection of fruitless 59 splice sites by transformer and
transformer-2+ Mol Cell Biol 18:450–458+

Hertel KJ,Maniatis T+ 1998+ The function of multisite splicing enhanc-
ers+ Mol Cell 1:449–455+

Jamison SF, Pasman Z, Wang J, Will C, Lührmann R, Manley JL,
Garcia-Blanco,MA+ 1995+ U1 snRNP-ASF/SF2 interaction and 59
splice site recognition: Characterization of required elements+ Nu-
cleic Acids Res 23:3260–3267+

Krawczak M, Reiss J, Cooper DN+ 1992+ The mutational spectrum of
single base-pair substitutions in mRNA splice junctions of human
genes: Causes and consequences+ Hum Genet 90:41–54+

Lee MP, Feinberg AP+ 1997+ Aberrant splicing but not mutations of
TSG101 in human breast cancer+ Cancer Res 57:3131–3134+

Lynch KW, Maniatis T+ 1996+ Assembly of specific SR protein com-
plexes on distinct regulatory elements of the Drosophila double-
sex splicing enhancer+ Genes & Dev 10:2089–2101+

Manley JL, Tacke R+ 1996+ SR proteins and splicing control+ Genes
& Dev 10:1569–1579+

Mayeda A, Screaton GR, Chandler SD, Fu XD, Krainer AR+ 1999+
Substrate specificities of SR proteins in constitutive splicing are
determined by their RNA recognition motifs and composite pre-
mRNA exonic elements+ Mol Cell Biol 19:1853–1863+

Nakai K, Sakamoto H+ 1994+ Construction of a novel database con-
taining aberrant splicing mutations of mammalian genes+ Gene
141:171–177+

Nilsen TW+ 2002+ The spliceosome: No assembly required? Mol Cell
9:8–9+

Reed R+ 1996+ Initial splice-site recognition and pairing during pre-
mRNA splicing+ Curr Opin Gen Dev 6:215–220+

Reed R, Palandjian L+ 1997+ Spliceosome assembly+ In: Krainer AR,
eds+Eukaryotic mRNA processing+Oxford: IRL Press+ pp 103–129+

Ryner LC, Baker BS+ 1991+ Regulation of doublesex pre-mRNA
processing occurs by 39-splice site activation+ Genes & Dev 5:
2071–2085+

Ryner LC, Goodwin SF, Castrillon DH, Anand A, Villella A, Baker BS,
Hall JC, Taylor BJ,Wasserman SA+ 1996+ Control of male sexual
behavior and sexual orientation in Drosophila by the fruitless gene+
Cell 87:1079–1089+

Schaal TD, Maniatis T+ 1999+ Multiple distinct splicing enhancers in

1240 B.J. Lam and K.J. Hertel



the protein-coding sequences of a constitutively spliced pre-
mRNA+ Mol Cell Biol 19:261–273+

Selvakumar M, Helfman DM+ 1999+ Exonic splicing enhancers con-
tribute to the use of both 39 and 59 splice site usage of rat beta-
tropomyosin pre-mRNA+ RNA 5:378–394+

Stevens SW, Ryan DE, Ge HY, Moore RE, Young MK, Lee TD, Abel-
son J+ 2002+ Composition and functional characterization of the
yeast spliceosomal penta-snRNP+ Mol Cell 9:31–44+

Stoppa-Lyonnet D, Laurent-Puig P, Essioux L, Pages S, Ithier G,
Ligot L, Fourquet A, Salmon RJ, Clough KB, Pouillart P, Bonaiti-
Pellie C, Thomas G+ 1997+ BRCA1 sequence variations in 160
individuals referred to a breast/ovarian family cancer clinic+ Insti-
tut Curie Breast Cancer+ Am J Hum Genet 60:1021–1030+

Tacke R, Manley JL+ 1999+ Determinants of SR protein specificity+
Curr Opin Cell Biol 11:358–362+

Tian M, Maniatis T+ 1992+ Positive control of pre-mRNA splicing in
vitro+ Science 256:237–240+

Tian M, Maniatis T+ 1993+ A splicing enhancer complex controls al-
ternative splicing of doublesex pre-mRNA+ Cell 74:105–114+

Wu JY, Maniatis T+ 1993+ Specific interactions between proteins im-
plicated in splice site selection and regulated alternative splicing+
Cell 75:1061–1070+

Zahler AM, Roth MB+ 1995+ Distinct functions of SR proteins in re-
cruitment of U1 small nuclear ribonucleoprotein to alternative 59
splice sites+ Proc Natl Acad Sci USA 92:2642–2646+

Zuo P, Maniatis T+ 1996+ The splicing factor U2AF35 mediates critical
protein-protein interactions in constitutive and enhancer-dependent
splicing+ Genes & Dev 10:1356–1368+

Defining splice sites during exon recognition 1241




