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ABSTRACT

The majority of mammalian pre-mRNAs contains multiple introns that are excised prior to export and translation. After intron
excision, ligated exon intermediates participate in subsequent intron excisions. However, exon ligation generates an exon of
increased size, a feature of pre-mRNA splicing that can interfere with downstream splicing events. These considerations raise
the question of whether unique mechanisms exist that permit efficient removal of introns neighboring ligated exons. Kinetic
analyses of multiple intron-containing pre-mRNAs revealed that splicing is more efficient following an initial intron removal
event, suggesting that either the recruitment of the exon junction complex (EJC) to ligated exons increases the efficiency of
multiple intron excisions or that the initial definition of splice sites is sufficient to permit efficient splicing of introns neighboring
ligated exons. Knockdown experiments show that the deposition of the EJC does not affect subsequent splicing kinetics. Instead,
spliceosomal components that are not involved in the initial splicing event remain associated with the pre-mRNA to ensure
efficient removal of neighboring introns. Thus, ligated exons do not require redefinition, providing an additional kinetic
advantage for exon defined splice sites.
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INTRODUCTION

Pre-mRNA splicing is an essential process in eukaryotic
gene expression (Burge et al. 1999). Intronic sequences
must be excised and coding exonic sequences are joined in
the production of mRNA (Wahl et al. 2009). Inaccuracies
in this process have the potential to cause disruptions in
cellular functions. However, variation in the process is
necessary for increasing proteomic diversity (Maniatis and
Tasic 2002). Regulation of pre-mRNA splicing can occur at
numerous steps and relies on the coordination of multiple
factors. Introns are removed through a series of interac-
tions coordinated by the spliceosome, a large ribonucleo-
protein complex. Several protein and RNA particles (small
nuclear ribonucleoproteins [snRNPs]), recognize and bind
to the 59 and 39 splice sites of the intron that is to be
removed. Stable interactions of individual snRNPs with
the pre-mRNA occur in a stepwise manner and result in

conformational changes of the spliceosome, ultimately
leading to the excision of the intron and the ligation of
exons (Wahl et al. 2009).

Throughout the course of splicing, various proteins
associate with the pre-mRNA, changing the RNP compo-
sition as the spliceosome transitions from early splice site
recognition to intron removal. The complex of proteins
formed as a result of intron removal is referred to as the exon
junction complex (EJC), a multiprotein complex deposited
20–24 nucleotides (nt) upstream of the exon junction of
mRNA (Le Hir et al. 2000). The EJC is noted for its role
in directing nonsense-mediated decay (NMD), export, and
localization of mRNAs (Le Hir et al. 2001; Tange et al. 2005;
Chang et al. 2007), and it contains a stable core (MLN51,
Y14, Magoh, and eIF4AIII), as well as several transiently
interacting factors (Shibuya et al. 2004; Ballut et al. 2005;
Tange et al. 2005). Acting as an anchoring protein, eIF4AIII
is at the center of the core and appears to be the only protein
contacting the mRNA (Shibuya et al. 2004; Le Hir and
Andersen 2008). Direct interactions with MLN51 occur to
stabilize mRNA binding, while Y14 and Magoh binding
ensures that the core remains locked onto the mRNA (Ballut
et al. 2005). The numerous other proteins that interact with
the core affect the path of the mRNA through their in-
teractions with various cellular machineries (Shibuya et al.
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2004). Interestingly, three of these EJC associated proteins
(Pinin, RNPS1, and SRm160) are better known for their
involvement in pre-mRNA splicing (Blencowe et al. 1998; Li
et al. 2003; Sakashita et al. 2004), but their functions as
components of the EJC are not well understood.

The combination of exon and intron sizes of a gene
determines how splice sites are recognized (Hertel 2008).
Exon definition, which is referred to as splice site recogni-
tion across an exon, occurs when exons are small (Berget
1995). Splice sites flanking small introns are recognized
through intron definition, which occurs across the intron.
The average vertebrate exon size is 137 nt and is separated
by long introns (Stamm et al. 2006), which favors recog-
nition through exon definition. Recognition of splice sites
is favored when the distance between splice sites is short.
As this distance increases, the spliceosome becomes less
efficient at recognizing splice sites (Fox-Walsh et al. 2005).
For example, exons larger than 300 nt can induce cryptic
splicing or exon skipping (Sterner et al. 1996). Constitu-
tively spliced internal exons have an optimal size range of
60–200 nt; if the size falls outside of this range an increase
in alternative splicing is induced (P Shepard and KJ Hertel,
unpubl.). Recognition of splice sites across the intron also
has an optimal range and becomes less efficient when
intron length is greater than z250 nt (Fox-Walsh et al.
2005). Thus, the exon/intron architecture significantly
influences the efficiency of splicing and splice site selection.

Typical vertebrate genes are composed of several small
exons separated by large introns, indicating that exon def-
inition is the most common form of splice-site recognition
(Stamm et al. 2006). As splicing progresses and multiple
introns are removed, ligated exons become increasingly
larger. As a consequence, splicing intermediates formed dur-
ing the processing of the pre-mRNA contain large ligated
exons in addition to large introns, creating scenarios where
splice sites are separated by large distances regardless of the
mode of recognition. However, the neighboring introns of
these splicing intermediates must still be excised to complete
production of the mRNA. It was previously shown that large
exons separated by large introns are inefficiently recognized
by the spliceosome (Sterner et al. 1996). Given these ob-
servations, it is unclear how the splicing machinery main-
tains efficiency during multiple intron removal events.

Because multiple intron-containing genes are common
in vertebrates, mechanisms must be in place to assist the
spliceosome in recognizing and assembling on splice sites
of splicing intermediates that are separated by large dis-
tances. Here, we evaluated potential mechanisms that pro-
mote efficient splicing of multiple intron-containing pre-
mRNAs. Our results do not support the hypothesis that
EJC-associated splicing factors assist spliceosomal recogni-
tion of ligated exons. However, our results show that
spliceosomal components not involved in an initial splicing
event remain associated with the pre-mRNA, significantly
contributing to efficient neighboring intron removal. Thus,

ligated exons do not require redefinition, providing an
additional kinetic advantage for exon defined splice sites.

RESULTS

Efficient upstream intron removal accelerates
subsequent intron removal events

Pre-mRNAs containing multiple exons undergo sequential
intron removal events during the course of splicing. Larger
exons are formed as intervening introns are removed and
remaining exons are ligated. Formation of increasingly
larger exons could pose a problem for the spliceosome,
which efficiently recognizes exons under 250 nt in length.
During the process of exon ligation, new exons are con-
tinually formed that exceed this length limitation. There-
fore, we anticipate that mechanisms exist to assist the
spliceosome in the removal of introns flanking large ligated
exons.

A pair of splicing substrates was created to test intron
removal efficiency (Fig. 1A). The test substrate contains an
upstream intron that is removed quickly and a downstream
intron that is removed slowly. These design features pro-
mote the production of a splicing intermediate that con-
tains a long ligated exon. The control substrate contains
only the downstream intron and is identical in sequence to
the test splicing intermediate. The efficiency of long intron
removal can then be compared between substrates—the
test having undergone an initial intron removal and the
control, which has not—to evaluate the influence a neigh-
boring splicing event has on downstream intron removal.
In vitro splicing assays were performed over a 3-h time
course to determine the rate of intron removal for the test
and control substrates (Fig. 1B). Although the test substrate
was designed to undergo an initial short intron removal
event, the intermediate for the alternative splicing pathway,
initial removal of the long intron, was also observed, albeit at
lower frequency. Through monitoring the levels of splicing
intermediates it was possible to specifically determine the
rate of long intron removal for pre-mRNAs having un-
dergone the short intron removal event first. Analysis of the
splicing reactions revealed a fivefold increase in the rate of
intron removal in test substrates that underwent a previous
intron removal, compared with control substrates (Fig. 1B).
Although alternative splicing pathways were observed, such
as exon skipping, they were minor and did not significantly
affect the calculated rate.

Splicing efficiency was also analyzed in cell transfection
experiments by determining the steady-state levels of spliced
products. HeLa cells were transiently transfected with plas-
mids expressing either the test or control substrates and RNA
was isolated from cells 24 h later. Steady-state analysis of
mRNA by semiquantitative reverse-transcription polymerase
chain reaction (RT-PCR) revealed that test substrates that
underwent an initial intron removal were able to undergo
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removal of subsequent introns five times more efficiently
than control substrates that never underwent a prior intron
removal (Fig. 1C), consistent with our in vitro analysis. One
limitation of steady-state mRNA analyses is the fact that the
levels of spliced and unspliced RNA can be influenced by
differential stabilities. However, it is also appreciated that
pre-mRNAs associated with spliceosomal components are
more stable than unassociated splicing substrates (Hicks
et al. 2005, 2006), arguing that the test substrate intermediate
is more stable than its control counterpart. These consider-
ations suggest that our measurement is a conservative es-

timate of the steady-state differences. We conclude that pre-
mRNAs that underwent a prior upstream intron removal are
spliced more efficiently than substrates that did not.

A neighboring downstream intron removal event
accelerates upstream intron removal

To test the efficiency of an initial downstream intron
removal, another pair of splicing substrates was designed
(Fig. 2A), similar to that described in Figure 1A, except that
a short downstream intron is removed quickly from the test
substrate. In vitro splicing reactions using these substrates

FIGURE 2. An initial downstream intron removal increases the
efficiency of an upstream intron removal. (A) Substrates used for
analyzing splicing efficiencies. The test substrate (L/S) contains an
optimized short downstream intron that is removed quickly and
a second, larger intron. This creates a splicing intermediate containing
a long downstream exon and a long intron that is identical in
sequence to the control substrate. (B) In vitro analysis showing a
3-h splicing time course. Approximately 5% of the starting reaction
was loaded on the left lane of each panel. The graph displays the
results as the average rate of intron removal based on three biological
replicates. The identity of bands detected is indicated between the
representative gels. (C) Splicing efficiencies in cell transfection exper-
iments. Representative gel analysis of RT-PCR reactions (left) and
combined quantification (right) based on three biological replicates
are shown. The identity of bands detected is indicated on the left side
of the representative gel. The statistical significance of the differences
observed in B and C is defined by the P-value next to each graph.

FIGURE 1. An initial upstream intron removal event increases the
efficiency of a downstream intron removal event. (A) Substrates used
for analyzing splicing efficiencies. The test substrate (S/L) contains an
optimized short upstream intron that is removed quickly and a
second, larger intron with delayed removal kinetics. This creates
a splicing intermediate containing a long upstream exon and a long
intron that is identical in sequence to the control substrate. (B) In
vitro analysis showing a 3-h splicing time course. As input control,
z5% of the starting reaction was loaded on the left lane of each panel.
The graph displays the results as the average rate of intron removal
based on three biological replicates. The identity of bands detected is
indicated between the representative gels. (C) Splicing efficiencies in
cell transfection experiments. Representative gel analysis of RT-PCR
reactions (left) and combined quantification (right) are shown. The
identity of bands detected is indicated on the left side of the
representative gel. An asterisk (*) denotes a nonspecific RT-PCR
product. The graph represents the average fraction unspliced based on
21 biological replicates. The statistical significance of the differences
observed in B and C is defined by the P-value next to each graph.
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show that short intron removal is the main splicing
pathway for the L/S test substrate, with 74% of the pre-
mRNA entering this pathway (Fig. 2B). Kinetic analyses
measuring intermediate levels throughout the time course
revealed an z2.5-fold rate increase in spliced product
formation for the test substrate compared with the control
(Fig. 2B). For the complementing cell transfection exper-
iments a 13-fold increase in splicing efficiency was observed
when the pre-mRNA underwent an initial downstream
intron removal event (Fig. 2C). These results demonstrate
that the initial removal of an intron increases the efficiency
of neighboring intron removal events, regardless of its
location within the pre-mRNA. We conclude that mecha-
nisms exist to maintain efficient processing of splicing
intermediates.

The Influence of the EJC on intron removal

During the course of splicing, the EJC is deposited up-
stream of exon/exon junctions (Le Hir et al. 2001). It is
possible that components of the EJC assist in keeping
splicing efficiency high after exon ligation. To determine
if our initial observations of multiple intron splicing
result from EJC deposition after the upstream intron is re-
moved, we disrupted EJC formation. This was accom-
plished using siRNA targeting the EJC core component
eIF4AIII (Ferraiuolo et al. 2004). This protein is thought to
serve as an anchor between the EJC and the RNA. Thus,
knockdown of this protein is expected to prevent the
remaining EJC components from assembling into a func-
tional complex on the RNA. HeLa cells were transfected
with siRNA targeting eIF4AIII, resulting in a reduction
greater than 90% in eIF4AIII protein levels (Fig. 3A).

A functional PCR assay using the T-cell receptor beta
(TCR beta) minigene (Mühlemann et al. 2001) was used to
assess the activity of EJC-sensitive NMD upon eIF4AIII
knockdown. The TCR beta reporter gene contains a pre-
mature termination codon (PTC) upstream of its last exon/
exon junction, which leads to degradation of its mRNA
when EJC-enhanced NMD is active. However, when EJC
formation or NMD is inhibited, PTC-containing TCR beta
mRNAs escape NMD degradation and remain stable.
Expression of TCR beta mRNA was used to evaluate the
functional effectiveness of eIF4AIII knockdown on EJC
assembly based on the expectation that PTC-containing
transcripts will be stabilized upon EJC disruption through
the inhibition of NMD enhancement. Upon eIF4AIII knock-
down we observed a sevenfold increase in the expression of
PTC-containing TCR beta transcripts, demonstrating a sub-
stantial defect in NMD (Fig. 3B). These results support the
expectation that eIF4AIII knockdown is preventing proper
EJC assembly on spliced mRNAs.

We next examined the effect of improper EJC assembly
on splicing efficiency. The test and control substrates that
undergo an initial upstream intron removal event (Fig. 1A)

were cotransfected with eIF4AIII siRNA. Importantly,
knockdown of eIF4AIII did not result in a significant shift
in the steady-state levels of unspliced pre-mRNA of the test
and the control substrates (Fig. 3C). We conclude that
eIF4AIII knockdown does not affect splicing efficiencies of
multiple intron-containing genes, thus, strongly arguing
against the notion that EJC components positively in-
fluence intron removal.

Spliceosomal components remain associated with
splicing intermediates following intron removal

An alternative explanation for the observation that a pre-
vious splicing event influences a subsequent splicing event

FIGURE 3. The EJC does not contribute to increased splicing
efficiency. (A) Western blot demonstrating eIF4AIII knockdown in
HeLa cells. (B) RT-PCR analysis of TCR beta mRNA expression
measuring NMD activity. TCR beta mRNA products are compared
with GAPDH levels for each sample. The graph on the right shows the
quantification of eight independent real-time PCR experiments. The
statistical significance of the differences observed is defined by the
P-value next to the graph. (C) Splicing efficiencies of S/L test
substrates in cell transfection experiments with eIF4AIII protein
knockdown. A representative gel shows the results of RT-PCR
amplified spliced products (top). The identity of bands detected is
indicated on the sides of the representative gel. The asterisk (*)
denotes a nonspecific PCR amplification product. The results from
three independent experiments are displayed in the graph below as the
average fraction unspliced. The statistical significance of the differ-
ences observed between siRNA treated and control treated experi-
ments is defined by the P-value next to the graph.
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is that spliceosomal components associated with the pre-
mRNA during intron removal remain associated with the
pre-mRNA. Following intron removal, it is unclear what
happens to exon definition components that were associated
with the pre-mRNA, but that were not directly involved in
the removal of an intron. One possibility is that while an
intron is removed, the components initially associated with
the pre-mRNA dissociate, leaving the newly ligated exon
without any spliceosomal components associated. In such a
scenario, a ligated exon would require redefinition to remove
neighboring introns. Alternatively, exon definition compo-
nents remain associated with the pre-mRNA following initial
intron removal and are able to participate in subsequent
splicing events.

To determine if exon definition components remain
associated with the RNA following an initial splicing event,
we performed pulse–chase experiments using three-exon
splicing substrates (Supplemental Fig. 1). These experi-
ments employed an initial omission of ATP to stall the pre-
mRNA in an early exon defined spliceosomal complex (E
complex) and to allow the association of U1 and U2 snRNPs
with the pre-mRNA. Higher complexes are unable to form
in the absence of ATP and therefore splicing does not
progress past the E complex (Das et al. 2000; Kotlajich
et al. 2009). Chasing these reactions with ATP and unlabeled
competitor RNA permits splicing only on splice sites that
have already been defined. New spliceosomes are unable to
form on the labeled pre-mRNA, instead forming on the
excess unlabeled RNA (Lim and Hertel 2004). Thus, a spliced
product results only from components already assembled
on the pre-mRNA at the time the chase was initiated. This
experimental design tests if spliceosomal components re-
main associated with the RNA following a prior intron
removal. An accumulation of splicing intermediates with the
first intron removed would suggest that exon definition
complexes dissociate from the pre-mRNA while or after the
first intron has been removed. The formation of fully spliced
products would indicate that exon definition components
that are not directly involved in the initial intron removal
event remain associated with the pre-mRNA intermediate
and are able to participate in subsequent splicing. The results
of the pulse–chase experiments clearly show that a fully
spliced product is abundantly generated and that its amount
increases when the preincubation period is increased (Fig.
4A). Identical outcomes were obtained when analyzing
similar pre-mRNA substrates that differ in the length of
the introns flanking the internal exon (Fig. 4C; Supplemental
Fig. 2). These observations support the model that spliceo-
somal components initially recruited to the internal exon
remain associated with the RNA during and following an
initial intron removal.

To validate these results we created a recursive splicing
construct to demonstrate that splice sites that require redef-
inition are not competent splicing substrates in the presence
of competitor RNA. At normal conditions the recursive

substrate undergoes two sequential intron removal events,
generating an intermediate with a newly formed 59 splice site
after the first intron has been removed (Supplemental Fig.
3). The use of such recursive splicing substrates tests whether
splice sites can be redefined in our pulse–chase experiment,
with the expectation that the recursive substrate is unable to
complete splicing in this assay. As anticipated from the
design of the pulse–chase approach, the recursive splicing
substrate showed no increase in spliced product formation
in the presence of competitor RNA (Fig. 4B,C). These results

FIGURE 4. Splice sites do not require redefinition following an
upstream intron removal event. (A) In vitro pulse–chase assay for
a substrate that contains two long introns (L/L). The identity of bands
detected is indicated on the left side of the representative gel.
Approximately 5% of the starting reaction was loaded on the left
lane. The reactions were preincubated for the times shown at the top
of each lane, followed by a 1.5-h chase incubation. The fraction
spliced for each lane is indicated at the bottom of the gel. (B) In vitro
pulse–chase assay for the recursive substrate. The identity of bands
detected is indicated on the left side of the representative gel.
Approximately 5% of the starting reaction was loaded on the left
lane. The reactions were preincubated for the times shown at the top
of each lane, followed by a 1.5-h chase incubation. The fraction
spliced is indicated at the bottom of the gel. (C) Quantification of
pulse–chase experiments. The results obtained from at least three
independent experiments using two different test substrates (L/L and
S/L) and the recursive substrates are shown as fold increase over
background levels of spliced product.
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confirm that the pulse–chase assay is sufficient in preventing
the redefinition of splice sites. We conclude that ligated
exons do not require redefinition after an initial splicing
event. Rather, components of the internal exon definition
complex that did not directly participate in initial splicing
remain associated with splicing intermediates.

To confirm that spliceosomal components are retained
during and following an intron removal event, we performed
a U1 70K immunoprecipitation on pulse–chase splicing re-
actions to pull down RNA species bound to U1 snRNP. As
expected, we detect both the pre-mRNA and the splicing
intermediate RNA in the immunoprecipitation (Fig. 5A).
The presence of the spliced product is a result of a cryptic U1
binding site located in the 39 terminal exon of the substrate.
The presence of the spliced product served as an internal
control and was used to determine if the splicing interme-
diate was enriched in this pulse–chase immunoprecipitation
assay. We observed a statistically significant 1.7-fold enrich-
ment (P < 0.01) of the intermediate associated with immu-
noprecipitated beads (Fig. 5B). U1 70K immunoprecipita-
tion in the presence of the recursive substrate served as a

negative control and, as predicted, did not result in mea-
surable pull-down of either the intermediate or the fully
spliced product (Fig. 5A).

Semiquantitative RT-PCR using an exon junction primer
paired with an intron primer specifically amplified the in-
termediate following immunoprecipitation (Fig. 5C, lane
5). A control immunoprecipitation reaction without a U1
70K antibody resulted in barely detectable levels of in-
termediate (Fig. 5C, lane 6). Using this assay, we observed a
statistically significant threefold increase (P < 0.001) in the
signal intensities between the immunoprecipitated inter-
mediate (Fig. 5C, lane 5) and the control immunoprecipi-
tation (Fig. 5C, lane 6), demonstrating low signal contri-
bution from nonspecific binding. The reproducible detection
and enrichment of the splicing intermediate in these pulse–
chase immunoprecipitation experiments show that U1
snRNP remains associated to the splicing intermediate fol-
lowing the initial intron removal event. In combination
with our kinetic analysis, the physical enrichment of U1
snRNP demonstrates that spliceosomal components not
engaged in cross-intron pairing remain associated with the
pre-mRNA following an initial intron removal event and
are competent to participate in subsequent splicing events.

DISCUSSION

The exon/intron architecture of mammalian genes suggests
that splice site recognition of multi-intron-containing genes
occurs predominantly through exon definition complexes.
Due to different kinetic constraints, the complete processing
of such genes is expected to proceed through various splicing
intermediates containing ligated exons. Given previously
documented exon size limitations (Sterner et al. 1996),
further processing of splicing intermediates may be restricted
by the new dimensions of ligated exons. The results presented
here show that the splicing machinery has evolved mecha-
nisms to maintain efficient processing of all introns within
a pre-mRNA. Our experiments demonstrated that a neigh-
boring intron removal event increases the efficiency of sub-
sequent splicing. These observations suggest that the order of
intron removal may have profound effects on alternative
splicing outcomes. Indeed, intron excision is a controlled
process following a preferred order that is required for
accurate splicing (Lang and Spritz 1987; Gudas et al. 1990;
Nasim et al. 1990; Kessler et al. 1993). In the case of human
b-globin, rat a-lactalbumin, human preprotachykinin, and
murine interleukin-3, highly favored splicing pathways exist
that do not follow a strict 59-to-39 progression. For example,
studies on the processing of human preprotachykinin pre-
mRNA showed that a newly formed exon–exon structure is
responsible for activating the splicing of the upstream intron,
because this prior splicing event repositions and brings into
proximity a strong 59 splice site (Nasim et al. 1990).
Importantly, mutations have been shown to disrupt the
usual order of intron removal, triggering alternative splicing

FIGURE 5. U1 snRNP is retained on the RNA following an intron
removal. (A) Immunoprecipitation of S/L (left) and recursive splicing
(right) RNAs during the pulse–chase assay. Splicing reactions were
preincubated for 15 min, followed by a 1.5-h chase incubation and
subsequent U1 70K immunoprecipitation. Approximately 5% of the
starting reaction was loaded as size control (lanes 1,6), and the
outcome of splicing efficiencies in the absence (lanes 2,7) or presence
(lanes 3,8) of competitor RNA is shown. Input (I) contains 20% of a
splicing reaction (lanes 4,9), whereas bead-associated RNAs (B) are
derived from a full splicing reaction (lanes 5,10). All lanes shown are
from the same gel. (B) Quantification of S/L pulse–chase immuno-
precipitation experiments. Results are displayed as the ratio of splicing
intermediate to spliced product and were calculated based on eight
independent experiments. (C) RT-PCR amplification of immunopre-
cipitation RNA products. The immunoprecipitated intermediate
product was amplified using an exon junction primer paired with
an intron primer.
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patterns (Takahara et al. 2002). Thus, changes in the
sequence of intron removal affect the outcome of the mRNAs
produced, highlighting the importance of maintaining the
proper order of intron removal.

Components of the exon definition complex
are retained on splicing intermediates

We considered two models to explain our observation that
an initial intron removal event increased the efficiency
of subsequent intron excisions. EJC formation could cause
the rate enhancement, because it is deposited during the
splicing reaction onto every ligated exon junction and
because it associates with several splicing related factors.
The EJC could promote splicing efficiency by retaining
splicing factors at sites where they are needed for further
intron removal events, thus acting as a splicing enhancer to
increase the rate of splicing. However, our knockdown
experiments show that the EJC does not play a significant
role in maintaining efficient removal of multiple introns.
When the master assembler of the EJC, eIF4AIII, was
reduced, splicing efficiency was unaltered, even though
eIF4AIII reduction resulted in a loss of EJC deposition, as
monitored through NMD reporter assays.

An alternative explanation we considered to explain our
observations was that spliceosomal components initially
recruited to the splice sites of internal exons are retained
during intron removal. Retention of previously deposited
spliceosomal components would relieve the requirement of
newly ligated exons to go through a time consuming exon
redefinition step, therefore keeping pre-mRNA intermedi-
ates committed to the splicing pathway. Exon definition,
the common mode of splice site recognition in humans,
occurs when exons are short and flanking introns are long.
During exon definition, splice sites are recognized across
the exon through the binding of U1 snRNP to the 59 splice
site and U2AF and U2 snRNP binding to the upstream
39 splice site (Hoffman and Grabowski 1992; Chiara and
Reed 1995; Boukis et al. 2004; Sharma et al. 2008). Splicing
enhancers and silencers modulate the stability of these
complexes, presumably by promoting or interfering with
RS domain contacts (Graveley et al. 2001; Boukis et al.
2004). Exon defined splice sites must then transition to pair
across the intron to mediate the assembly of the catalytic
spliceosome. It is not known how spliceosomal compo-
nents engaged in exon definition transition to build cross-
intron catalytic spliceosomes. During the process of re-
moving an intron, two exon definition complexes come
together across the intron to pair the appropriate 59 and
39 splice sites. What happens to those factors that are not
immediately involved in direct cross-intron interactions
remains unclear. For example, the U1 snRNP associated
with the 59 splice site of a downstream exon is essential in
establishing the initial exon definition complex. However,
its fate during the assembly of the upstream catalytic

spliceosome is not known. It could either be used during
intron removal, dissociate due to conformational changes
during intron removal, or be retained at the 59 splice site.

Using pulse–chase assays and immunoprecipitation ex-
periments we showed that exon definition components not
expected to be involved in cross-intron interactions are
retained on the pre-mRNA during the first intron removal
event. In the presence of excess competitor RNA, efficient
second intron excision was observed, demonstrating that
splice sites of exon definition complexes remain associated
with functional splicing factors. Two important insights
can be derived from these results. First, they show that
splicing intermediates do not require redefinition for sub-
sequent intron excisions (Fig. 6). Initial splice site recog-
nition is maintained throughout the process of removing
multiple introns. The advantage the splicing machinery
gains by holding onto defined splice sites is at least twofold;
promoting efficient splicing kinetics, as shown here, and
preventing premature degradation of the pre-mRNA tran-
script. In agreement with this interpretation is the obser-
vation that exons flanked by an inefficiently spliced AT–AC
intron and an efficiently spliced GT–AG intron are pro-
cessed faithfully (Wu and Krainer 1996).

The demonstration that exon defined splice sites not
used during initial splice site pairing remain associated with
spliceosomal components also provides clues into the fate
of exon definition components during the assembly of
cross-intron catalytic spliceosomes. Our results are consis-
tent with the proposal that components of stable exon
definition complexes are split to engage in new contacts
across the intron. However, this split does not come at the
cost of losing splice site definition at the other end of the
exon. Rather, spliceosomal recognition of the thus far un-
paired splice site is maintained (Fig. 6). How can such
rearrangements be envisioned? Once one of the exon defined
splice sites commits to splice site pairing, it is likely that the
integrity of the cross-exon interaction network is disturbed
to allow full engagement across the intron. However, the
dissociation rate of snRNPs associated with the other splice
site must still be slow enough to maintain an interaction
with the splice site, even in the absence of cross-exon net-
works. It is anticipated that the retention of spliceosomal
components occurs following the breaking of cross-exon
interactions and before their transition to cross-intron
interactions. As such, the primary function of the exon def-
inition complex might only be to ensure the efficient
recognition of internal exons. Consistent with this interpre-
tation is the fact that commitment assays that rely on
stringent binding competition demonstrate relatively long
half-lives of the spliceosomal components that interact with
both splice sites (Legrain et al. 1988; Jamison et al. 1992;
Kotlajich et al. 2009).

Insights into the composition of exon definition com-
plexes have been provided recently. A proteomic analysis
demonstrated that U1 snRNP, U2 snRNP, both subunits of
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U2AF, SR proteins, and hnRNPs are detected in isolated
exon definition complexes (Sharma et al. 2008). These
results are consistent with the view that a network of protein
interactions exists spanning the exon that is anchored by the
stable association of U1 snRNP with the 59 splice site (Reed
2000). What is less clear is the composition of the exon
definition complex at the 39 splice site. Both U2AF and U2
snRNP are detected, potentially suggesting an intermediate
state of stable U2 snRNP association with the branchpoint
sequence. Based on these proteomic analyses, it is reasonable
to suggest that the factors retained on the pre-mRNA after

exon definition complexes transition to splice site pairing
complexes are U1 snRNP at the 59 splice site, verified in this
work (Fig. 5), and U2AF or even U2 snRNP at the 39 splice
site.

It has been established that spliceosomal components are
deposited onto nascent pre-mRNAs cotranscriptionally by
RNA polymerase II (Pol II) (Beyer and Osheim 1988;
Lacadie and Rosbash 2005; Listerman et al. 2006; Pandit
et al. 2008). The characteristic chromatin immunoprecip-
itation profiles of analyzed genes suggest that the stable
association of snRNPs with the nascent pre-mRNA occurs
sequentially, largely following the order at which splice sites
were synthesized (Gornemann et al. 2005; Listerman et al.
2006). Depending on the gene, certain introns may also be
removed cotranscriptionally, a process highly dependent
on the length of the pre-mRNA transcript and the kinet-
ics of spliceosomal assembly, rearrangement, and catalysis
(Baurén and Wieslander 1994; Tardiff et al. 2006). In-
dependent of the cotranscriptional nature of splicing ca-
talysis, in vitro analyses demonstrated that the cotranscrip-
tional assembly of splicing factors significantly improved
the efficiency of this processing reaction (Das et al. 2006;
Hicks et al. 2006), in part by ensuring the expeditious
exchange of the nascent pre-mRNA between the transcrip-
tion and splicing machineries (Hicks et al. 2006). Our
observation that splicing factors remain associated with
splicing intermediates adds an additional layer of design to
ensure efficient processing of multiple-intron-containing
genes. The integration of RNA transcription and processing
machineries permits fast splice site recognition and as-
sembly of splicing components. Our results show that the
process of splice site recognition will only need to be carried
out once, because spliceosomal components initially re-
cruited are retained on the pre-mRNA throughout the
splicing process. The anticipated net gain of these stream-
lining mechanisms is to acquire the necessary speeds to
prevent nuclear buildup of partially processed pre-mRNAs.

MATERIALS AND METHODS

Splicing constructs

The construction of the test substrate S/L was previously described
as (bGskip) (see Supplemental Material in Kotlajich et al. 2009).
Briefly, S/L is based on b-globin. b-globin exon 1 (176 nt), intron 1
(136 nt), and exon 2 (222 nt) were fused to a fragment containing
b-globin intron 1 and exon 2. The second intron was extended
using Drosophila fruitless intronic sequences to a final length of
402 nt. L/S is also based on b-globin and was constructed in a
similar manner. A b-globin fragment containing exon 1 (187 nt)
and intron 1 was cloned upstream of b-globin exon 1 (153 nt),
intron 1 (129 nt), and exon 2 (222 nt). The first intron was
extended using Drosophila fruitless intronic sequences resulting in
an intron length of 303 nt. The generation of the L/L and S/S
substrates was described previously (Fox-Walsh et al. 2005). The
matching control substrates were made by amplifying splicing

FIGURE 6. Model for efficient removal of multiple introns. Splice
sites are recognized during transcription and spliceosomal compo-
nents initially associate with the pre-mRNA in exon definition
complexes (stretched oval over each exon). A transition to cross-
intron interactions occurs during splice site pairing (gray circles) and
components previously involved in exon definition interactions
remain associated with the pre-mRNA following intron removal
(white circles). An EJC (black circle) is deposited during intron
removal, but has no measurable effect on the splicing of neighboring
introns. However, snRNP retention at the splice sites promotes
efficient neighboring intron removal, because ligated exons do not
require de novo splice site recognition. The cotranscriptional nature
of initial splice site recognition is indicated by the presence of Pol II at
the 39 end of the pre-mRNA.
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intermediates and subsequent cloning into SP73. The recursive
splicing substrate was created by removing the internal exon from
the S/L plasmid. Two PCR fragments were generated from this
plasmid using primer sets forward 59-TTTGCTCACATGTTC
TTTCCTGCG-39 with reverse 59-GTGGCTTCTAGAACCTTGAT
ACCAACCTAAGGGTGGGAAAATAGACCAATAGGC-39primers
and forward 59-GCCTATTGGTCTATTTTCCCACCCTTAGGTT
GGTATCAAGGTTCTAGAAGCCAC-39 with reverse 59-GAGTGC
ACCATATGGACATATTGTCG-39 primers. PCR fragments were
combined, amplified, and inserted using ExoIII cloning (Tseng
1999) into an SP73 vector digested with AflIII and NdeI.

RNA and splicing reactions

S/L and recursive plasmids were digested with ClaI, the L/S
plasmid was digested with BamHI, and L/L and S/S were digested
with XhoI. Linearized DNA was in vitro transcribed with T7 RNA
polymerase, except for L/L and S/S, which were transcribed with
SP6, uniformly labeled with 32P, and gel purified from 7M urea
polyacrylamide gels. In vitro splicing reactions were performed in
30% HeLa nuclear extract and carried out as described previously
(Lam and Hertel 2002), except using 0.2 U RNasin, 50 mM KCl,
and 12 mM Hepes. Splicing time courses were performed up to
3 h to determine the rate of intron removal. The rates for first and
second intron removal were determined from the analysis of
partially spliced intermediate product formation. A rate equation
describing two consecutive splicing steps was used to determine
the formation (first intron removal event, k1) and the depletion
(second intron removal event, k2) of the splicing intermedi-
ate (partally spliced pre-mRNA) according to [intermediate]=
[k1/(k2 – k1)] 3 [A]0 3 (e-k1t – ek2t). The fraction of intermediate
was calculated for S/L and L/S as (short intron removed RNA)/
(unspliced RNA + short intron removed RNA + long intron
removed RNA + spliced product) after normalizing to the unspliced
RNA size. The fraction spliced for control substrates was calculated
as (spliced product)/(unspliced RNA + spliced product). The
observed rate of second intron removal (k2) was then compared
with the observed rate of product formation from the control series.

Pulse–chase splicing reactions were preincubated in nuclear
extract depleted of ATP for 0, 5, 10, 15, or 30 min at 30°C.
Following the preincubation, reactions were supplemented with
excess cold competitor RNA, ATP, and creatine phosphate, and
incubated at 30°C for 90 min.

Cell transfections

HeLa cells were plated to 1.5 3 105 cells/well in six-well plates the
day prior to transfection and grown in MEM (Cellgro) supple-
mented with 10% FBS (v/v), 2 mM glutamine, and 10 mM
sodium pyruvate. Lipofectamine 2000 (Invitrogen) was used to
transfect 1 mg plasmid following the manufacturer’s protocol and
cells were harvested 24 h later. Total RNA was extracted using
TRIzol (Invitrogen), followed by phenol chloroform extraction
and isopropyl alcohol precipitation. DNA contamination was
removed using DNase I (Invitrogen). RNA was reverse transcribed
using iScript (Bio-Rad). Reactions to detect S/L spliced products
used primer sets containing an exon1–exon2 junction forward
primer (59-TAGTAAAGGACAAAGGACAAAAG-39) combined
with a plasmid backbone reverse primer (59-GTATCTTATCATGT
CTGCTCG-39), or plasmid forward (59-GCTAACGCAGTCAGTG
CTTC-39) and plasmid reverse primers (59-GTATCTTATCATGT

CTGCTCG-39). L/S spliced products were detected using a for-
ward primer against exon 1 (59-ACCGCCCTCGAGCAGCTG-39)
and a reverse primer against an exon 2–exon 3 junction (59-CTAG
CTTTTGTCCTTTGTC-39). PCR reactions consisted of 10X
buffer B without MgCl2 (500 mM KCl and 100 mM HCl),
0.2 mM dNTPs, 15 mM MgCl2, 1 mM each primer, and 0.375
U Taq polymerase. PCR cycles for S/L were: denature 95°C for
3 min, 30 cycles of 95°C for 30 sec, 59°C for 30 sec, and 72°C for
1 min 20 sec, followed by a 5-min extension. L/S PCR conditions
were the same except used a 45-sec extension step. The fraction
unspliced was calculated as 1 � [spliced/(spliced + unspliced)].

siRNA transfections

HeLa cells were transfected with 200 pmol eIF4AIII siRNA
(59-AGUGGAAUUCGAGACCAGCdTdT-39) (Ferraiuolo et al.
2004) using lipofectamine 2000. Following a 72-h incubation, cells
were cotransfected with another 200 pmol eIF4AIII siRNA with 1
mg plasmid DNA and incubated for 24 h. Cells were harvested,
RNA was isolated using TRIzol, and proteins were isolated using
RIPA buffer. Protein knockdown was confirmed by Western blot
using anti-eIF4AIII (a gift from Dr. Jens Lykke-Andersen, Uni-
versity of California, San Diego) and anti-GAPDH (Santa Cruz
Biotechnology) antibodies.

TCR beta transfections

Transfections followed published protocols (Buhler et al. 2006).
HeLa cells were plated to 2 3 106 cells in a 10-cm dish. The
following day, cells were cotransfected with 5 mg pSUPuro-
eIF4AIII plasmid or pSuperior.retro.puro-scrambled plasmid
and either pB433 (wt) or pB434 (ter68) plasmids. Following
24-h incubation, media were replaced with media containing
puromycin (3mg/mL) and incubated for 30 h. Media were then
removed and cells were incubated in the presence of puromycin-
free media for 18 h. Cells were harvested and RNA isolated using
TRIzol and proteins were isolated using RIPA buffer. TCR beta
mRNA was detected using forward primer 59-GAGAACAGT
CAGTCTGGTTC-39 and reverse primer 59-CTGACAGCACGGA
GAAAG-39 on 0.1 mg cDNA. PCR reactions consisted of 10X
buffer B without MgCl2 (Fisher), 0.2 mM dNTPs, 15 mM MgCl2,
1 mM each primer, and 0.375 U Taq polymerase. PCR cycles were:
denature 95°C for 3 min, 25 cycles of 95°C for 30 sec, 54°C for 30
sec, and 72°C for 30 sec, followed by a 5-min extension.

Real-time PCR

Real-time PCR was performed using iQ SYBR Green Supermix
(Bio-Rad) and 200 nM of each primer: forward 59-GCGGTGCAG
AAACGCTGTA-39 and reverse 59-TGGCTCAAACAAGGAGAC
CTT-39. Three cDNA dilutions were analyzed in duplicate for
each sample during each round of PCR. PCR conditions were
95°C for 3 min, followed by 40 cycles of 95°C for 30 sec and 53°C
for 30 sec. Following PCR, a melting curve was performed starting
at 55°C, and increasing 0.5°C every 10 sec for 80 cycles.

Immunoprecipitation

Rec-protein G sepharose beads (Invitrogen) were washed with
IP150 buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 0.05%
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Igepal) and rotated at 4°C for 2 h with 4 mg goat U1 snRNP 70K
antibody (Santa Cruz Biotechnology). Pulse–chase splicing re-
actions (the same as described earlier except using 40% nuclear
extract) were diluted 1:5 with IP150 buffer. IP150 buffer was
added to the bead–antibody mixture to a volume equal to the
splicing reaction. Splicing reactions were combined with the
bead–antibody mixture and rotated at 4°C for 1 h. Beads were
collected by centrifuging at 10,000 rpm for 2 min at 4°C. Beads
were washed four times with IP150 buffer and resuspended in 25
mL IP150 buffer. Beads were then treated to proteinase K digest,
phenol:chloroform extraction, and ethanol precipitation. Precip-
itated RNA was divided and either ran on 6% and 8% 7M urea
polyacrylamide gel or resuspended in 5 mL of nuclease free water
for RT-PCR analysis.

The bands visualized in the polyacrylamide gel were quantified,
normalized for size, and used to calculate the ratio of splicing
intermediate to spliced product. The reverse transcription re-
action consisted of 2.5 mM reverse primer specific for the third
exon (59-CGCGAATTCACGTGC-39), 1 mL of RNA in a total
volume of 5.4 mL. Samples were incubated at 70°C for 5 min and
then cooled on ice. An M-MLV mix (5X buffer, 10 mM dNTP,
4U RNasin [Fisher], and 8U M-MLV reverse transcriptase
[Promega]) was added to the primer/RNA mix to a total volume
of 10 mL and incubated at 37°C for 2 h. PCR to detect the
intermediate product was performed using a forward exon–exon
junction primer (59-TAGTAAAGGACAAAGGACAAAAG-39) with
a second intron reverse primer (59-CTTGTATCTAGATACCATTG
GAATTTACGGTT-39). PCR conditions were 95°C for 3 min, fol-
lowed by 26 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C
for 1 min, and a final extension of 72°C for 5 min. PCR products
were run on a 1.8% agarose gel.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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