5’ exon interactions within the human
spliceosome establish a framework
tor exon junction complex structure

and assembly
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A general consequence of pre-mRNA splicing is the stable deposition of several proteins 20-24 nucleotides (nt)
upstream of exon-exon junctions on spliced mRNAs. This exon junction complex (EJC) contains factors
involved in mRNA export, cytoplasmic localization, and nonsense-mediated mRNA decay. Here we probed the
mechanism and timing of EJC assembly. Over the course of splicing, the 5’ exon is subject to numerous
dynamic protein—-RNA interactions involving at least nine distinct polypeptides. Within the fully assembled
spliceosome, these interactions afford protection to the last 25-27 nt of the 5’ exon intermediate. Coincident
with exon ligation, interactions at the 3’ end of the 5’ exon disappear, and new species associate with position
-24. Mass spectrometry and Western blotting of purified H, C, and mRNP complexes revealed that at least
one EJC component, REF/Aly, can interact with pre-mRNA prior to spliceosome assembly, whereas Y14,
Magoh, RNPS1, UAP56, and SRm160 are found in intermediate-containing spliceosomes. Upon exon ligation,
association of RNPS1, UAP56, and SRm160 is destabilized. In contrast, REF/Aly, Y14, and Magoh remain
stably bound to spliced mRNA, indicating that these three proteins are components of the EJC core.
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Throughout their lifetimes in vivo, mRNAs exist as
mRNA-protein particles (mRNPs). The associated pro-
teins control every aspect of mRNA metabolism, from
subcellular transport to translational efficiency to rate of
decay. Exactly which proteins associate with a particular
mRNA depends on its sequence, its subcellular localiza-
tion, and its synthetic history. Furthermore, the comple-
ment of mRNP proteins evolves as the mRNA moves to
different locations and is acted on by such processes as
nuclear export and translation. Many proteins join the
mRNP in the nucleus and then accompany it to the cy-
toplasm, where they influence subsequent mRNA me-
tabolism (Shyu and Wilkinson 2000). A subset of such
proteins are specifically loaded as a consequence of pre-
mRNA splicing (Blencowe et al. 1998; Mayeda et al.
1999; Kataoka et al. 2000; Le Hir et al. 2000a,b; Mc-
Garvey et al. 2000; Zhou et al. 2000; Luo et al. 2001).
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These splicing-specific mRNP proteins constitute the
exon junction complex (EJC), which associates with
spliced mRNAs in a sequence-independent manner a
fixed distance upstream of exon-exon junctions (Le Hir
et al. 2000b). Using coimmunoprecipitation strategies,
we and others recently reported that the EJC assembled
in HeLa nuclear extract contains numerous epitopes, in-
cluding those recognized by antibodies against REF/Aly,
Y14, SRm160, DEK, RNPS1, UAP56, and Magoh (Blen-
cowe et al. 1998; Mayeda et al. 1999; Kataoka et al. 2000,
2001; Le Hir et al. 2000a,b, 2001b; McGarvey et al. 2000;
Zhou et al. 2000; Gatfield et al. 2001; Luo et al. 2001).
When assembled in vivo, the EJC is additionally precipi-
tated by antibodies against Upf2, Upf3, and the TAP:pl5
heterodimer (Kim et al. 2001b; Le Hir et al. 2001g;
Lykke-Andersen et al. 2001). Finally, REF/Aly, Y14,
SRm160, RNPS1, Upf2, Upf3, and TAP were all present
in mRNPs immunopurified from the nuclear fraction of
COS cells with antibodies against a subunit of the
nuclear cap binding complex (Lejeune et al. 2002).

The known EJC components function at multiple lev-
els of mRNA metabolism. SRm160 and RNPS1 were
originally characterized as activators of pre-mRNA splic-
ing (Blencowe et al. 1998; Mayeda et al. 1999). REF/Aly
and TAP:pl5 are mRNA export factors, and their asso-
ciation with the EJC can facilitate nuclear export of

2778 GENES & DEVELOPMENT 16:2778-2791 © 2002 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/02 $5.00; www.genesdev.org



spliced RNAs (Luo and Reed 1999; Zhou et al. 2000; Le
Hir et al. 2001a). REF/Aly and TAP:pl5 are recruited to
spliced mRNAs through physical interactions with
UAP56 (Luo et al. 2001; Strasser and Hurt 2001), a puta-
tive RNA helicase also implicated as a splicing factor
required for early spliceosome assembly (Kistler and
Guthrie 2001; Libri et al. 2001; Zhang and Green 2001).
Upf2 and Upf3 are factors required for nonsense-medi-
ated mRNA decay (NMD), the process by which cells
eliminate mRNAs containing incomplete open reading
frames. In higher eukaryotes, termination codons are
recognized as premature if they occur upstream of at
least one exon—exon junction. By marking the positions
of exon—exon junctions, the EJC serves as a conduit for
communication between the splicing, translational, and
degradative machineries (Kim et al. 2001b; Le Hir et al.
2001a; Lykke-Andersen et al. 2001). Finally, Magoh and
Y14 (Mago Nashi and Tsunagi in Drosophila), form a
tight heterodimer in vivo and are both required for the
proper localization of oskar mRNA during Drosophila
development (Hachet and Ephrussi 2001; Mohr et al.
2001). Because Magoh and Y14 are recruited to mRNAs
by splicing and then travel to the cytoplasm as mRNP
components (Kataoka et al. 2001; Le Hir et al. 2001Db),
information necessary for proper cytoplasmic mRNA lo-
calization is likely imprinted by splicing in the nucleus.

Because of its diverse constituents, the EJC is un-
doubtedly a central player in the metabolism of spliced
mRNAs. It is therefore of interest to study both its struc-
ture and assembly. Here we used a variety of techniques
to investigate RNA-protein interactions with the 5’
exon in both spliceosomes and spliced mRNPs. Unlike
spliced mRNA, where the EJC protects only 8-10
nucleotides (nt) from RNase digestion (Le Hir et al.
2000Db), protection of the 5’ exon intermediate within the
C complex, the catalytically active form of the spliceo-
some, spans 25-27 nt. Photo-cross-linking experiments
indicated that this entire region undergoes a series of
dynamic protein-RNA interactions over the course of
splicing that involves at least nine distinct polypeptides.
Two of these cross-linked proteins were identified as
SRp20 and REF/Aly. Finally, mass spectrometry and
Western blotting of purified H, C, and mRNP complexes
revealed that at least one EJC component, REF/Aly, joins
the pre-mRNA as early as the H complex, a heterog-
eneous complex that forms on any largely single-
stranded RNA, whereas others join prior to exon liga-
tion. These results show that contacts between the spli-
ceosome and the 5’ exon are much more extensive than
previously thought. Furthermore, they provide a frame-
work on which to build a more complete understanding
of spliceosome-5’ exon interactions and EJC assembly.

Results

Extensive RNase protection of the 5’
exon intermediate

Using comparative RNase H and RNase A/T1 protection
analysis of spliced and intronless control mRNAs, we
previously demonstrated that 8 nt, including positions
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-20 to -24 relative to the exon-exon junction, become
physically protected upon the completion of splicing (Le
Hir et al. 2000b). To determine whether this protection
is established prior or subsequent to exon ligation, we
now report RNase H analysis of two pre-mRNAs that
accumulate splicing intermediates. One RNA derived
from the standard AAML splicing substrate (AdML-AG),
but contains an AG — GG mutation at the 3’ splice site
(AAML-GG; Gozani et al. 1996; Anderson and Moore
1997). The other (a-TM) derived from E2-12-E3 of rat
a-tropomyosin (Smith et al. 1989) and was truncated up-
stream of the 3’ splice site. Both alterations effectively
block the second step of splicing (Fig. 1A, lanes 1-5, 1B,
lanes 1-4), allowing accumulation of spliceosomes con-
taining lariat intermediates and free 5’ exons.

When incubated under splicing conditions and then
probed with a series of 12-nt ¢cDNA oligonucleotides,
RNAs corresponding to both 5’ exons not produced by
splicing (5’ exon controls) were substantially digested at
every position tested (Fig. 1A,B, right panels). In contrast,
both 5’ exon intermediates produced by splicing were
fully protected from RNase H degradation by all oligo-
nucleotides centered from positions -6 to -24 (middle
panels). The AAML-GG 5’ exon intermediate was further
protected from digestion by oligonucleotides centered at
positions -30 and -36. Unspliced pre-mRNAs in the
same reactions also showed some resistance to the same
oligonucleotides, but in no case was this protection as
significant as for the 5’ exon intermediate. These results
are consistent with Figure 1A of Le Hir et al. (2000b),
where it can be seen that unspliced TPI pre-mRNA
showed no specific resistance to RNase H cleavage. Yet,
pre-mRNA molecules that had undergone the first step
of splicing exhibited extensive protection, with the last
24 nt of the 5’ exon intermediate (positions -1 to -24)
being fully resistant to digestion. Thus, by the time of
splicing intermediate formation, stable contacts are es-
tablished both to the region protected by the EJC in
spliced mRNA and along the entire downstream length
of the 5’ exon. Furthermore, this extensive 5’ exon in-
termediate protection is a general phenomenon exhib-
ited by multiple splicing substrates.

To map the extent of 5’ exon intermediate protection
more precisely, we next performed RNase A and T1 di-
gests using RN As site-specifically labeled at position -24
(Fig. 1C). A similar experiment previously revealed that
the splicing-dependent, 8-nt protection of AAML mRNA
can withstand quite stringent RNase digestion (Le Hir et
al. 2000b). Digestion of reactions containing singly la-
beled AAML-GG pre-mRNA yielded no protected frag-
ments prior to the onset of splicing (Fig. 1C, lanes
1-3,10-12). However, as the 5’ exon intermediate accu-
mulated in undigested samples (Fig. 1C, upper left
panel), multiple RNase-resistant fragments accumulated
concomitantly in the digested samples (Fig. 1C, lower
left panel). The major species were ~11, ~13, ~21, and ~24
nt, although a protected fragment of ~27 nt was also
clearly visible. These same species were also present in
reactions containing AAML-AG pre-mRNA, which un-
dergoes both steps of splicing (Fig. 1C, right panel). In
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(Figure 1 legend on facing page)
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that case, the bands appeared coincident with the 5’ exon
intermediate and subsequently disappeared as the 5’
exon was incorporated into mRNA. At the same time,
the 8-nt fragment characteristic of spliced mRNA ap-
peared. When the same analysis was performed on a dif-
ferent pre-mRNA (PIP.B+10), we observed two major di-
gestion fragments of ~15 and ~25 nt that followed the
appearance and disappearance of the 5’ exon intermedi-
ate, and a 10-nt fragment that accumulated concomitant
with the appearance of spliced mRNA (Fig. 1D).
Several conclusions can be drawn from the above data.
First, because no fragments resistant to RNases A and T1
were observed prior to appearance of the 5’ exon inter-
mediate, stable interactions with the -24 region likely
form coincident with the first step of splicing. Second, at
the splicing intermediate stage, at least 25-27 nt at the 3’
end of the 5’ exon are engaged in these interactions.
Third, because protection of this region was observed
with several different splicing substrates, these interac-
tions are both a general consequence of the first step of
splicing and independent of the 5’ exon sequence.

Multiple proteins cross-link along the 5' exon
during the course of splicing

Having demonstrated that 25-27 nt of the 5’ exon inter-
mediate is resistant to RNase degradation (Fig. 1), we
next undertook a comprehensive cross-linking strategy
to identify the species responsible. We constructed a se-
ries of AAML substrates containing a single 32P-label and
adjacent photoreactive benzophenone group at three dif-
ferent positions (-7, -17, and -27) within this region.
This was accomplished by ligating the same 10-nt oligo-
nucleotide containing a single convertible adenosine as
the penultimate nucleotide to three different transcripts
initiating at positions -5, 15, and -25 (see Materials and
Methods). These modifications were introduced into
both the AAML-AG and AAML-GG constructs, allowing
us to detect species that cross-link both before and after
the second step of splicing. Each substrate was incubated
under standard splicing conditions for the times speci-
fied, irradiated on ice at 302 nm (the appropriate wave-
length for benzophenone activation) and subjected to
RNase A degradation followed by SDS-PAGE (Fig. 2). No

Exon junction complex assembly

cross-linked bands were observed when the RNAs lacked
a benzophenone moiety or when reactions were treated
with proteinase K (data not shown). Therefore, all bands
in the lower panel of Figure 2 represented proteins that
cross-linked to the photoreactive group at the position
indicated.

Comparison of the cross-linking time courses revealed
numerous labeled bands that appeared with kinetics
similar to those of splicing intermediates or products,
but were absent prior to spliceosome assembly (Fig. 2, cf.
15-, 45-, and 90-min time points to 0 time point). The
nine most distinct such bands had apparent molecular
masses of ~220, ~170, ~135, ~95, ~58, ~56, ~53, ~38, and
~25 kD. Other possible splicing-specific cross-links were
either less intense or not consistently observed in all
experiments (data not shown). It should be noted that
cross-links to the GG constructs were generally less in-
tense than those to the AG constructs—except as noted
below and in the figure legend, these intensity differ-
ences can be explained by the somewhat lower splicing
efficiencies of the GG constructs. Three prominent
bands with apparent molecular masses of 60, 40, and 18
kD were detectable at all incubation times, suggesting
that these proteins interact with the 5’ exon independent
of spliceosome assembly.

This cross-linking analysis yielded information as to
the location of each protein—-RNA interaction along the
5’ exon, as well as its timing relative to the two steps of
splicing. According to the intensity of the observed
cross-links, p220 likely resides closest to position -7, as
it did not yield significant cross-links at either -17 or
-27.In contrast, p170 and p53 cross-linked most strongly
at position -17, whereas the signal for p58 was most
intense at position -27. Cross-linking of p56 was strong-
est at =27, but also readily apparent at -17. Finally, sev-
eral proteins (p135, p95, p38, and p25) cross-linked most
strongly at position -17, but also significantly at one or
both of the other positions.

With regard to timing, the splicing-dependent cross-
links fell into three distinct classes. The first class (p220
and p135) consisted of cross-links that appeared coinci-
dent with the first step of splicing in AAML-AG reac-
tions (cross-links strongest at 15 min), but disappeared as
the second step proceeded. As expected, the intensities

Figure 1. Splicing-dependent protection of 5’ exon intermediates from RNase cleavage. (A) Uniformly labeled AAML-GG pre-mRNA

(lanes 1-15) or control 5’ exon RNA (lanes 16-25) was incubated under standard splicing conditions in HeLa cell nuclear extracts for
the times indicated. Aliquots of these reactions were further incubated with the cDNA oligonucleotides indicated (lanes 7-15,17-25).
RNAs were then separated by 15% denaturing PAGE. Each oligonucleotide was named according to its center position relative to the
5" splice site, which was defined as 0. Splicing substrates, intermediates, and products are indicated on the left. The asterisk (*) denotes
a lariat degradation product often observed in these reactions, which results from 3'-5’ exonucleolytic decay of the accumulated lariat
intermediate (Moore and Sharp 1992). Note that in splicing reactions, the RNase H cleavage products migrating below the free 5’ exon
derive from both pre-mRNA and free 5’ exons; therefore, 5’ exon intermediate protection is best monitored in splicing reactions by the
proportion of intact free 5’ exon remaining after digestion. (B) Similar RNase H analysis using control 5’ exon and spliced a-TM RNAs.
(C) Complete RNase digestion of singly labeled AAML RNAs. (Upper panel) Splicing time courses for AAML pre-mRNAs containing
a single labeled phosphate at position -24 relative to the 5’ splice site (15% denaturing PAGE). Splicing substrates, intermediates, and
products are indicated to the right. (Lower panel) Separation of protected fragments by denaturing PAGE (20%) after RNase A + T,
digestion. Closed arrows indicate fragments corresponding to the 5’ exon intermediate, whereas the open arrow denotes the fragment
corresponding to spliced mRNA. (D) Same as C except using PIP.B+10 pre-mRNA containing a single labeled phosphate at position -24
relative to the 5’ splice site.
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of p220 and p135 cross-links increased as the 5’ exon
intermediate accumulated with the AAML-GG sub-
strate. Cross-links in the second class (p58, p56, and p25)
appeared coincident with the first step of splicing and
remained associated with spliced mRNA. These cross-
links accumulated on both the AAML-AG and AdML-
GG substrates. This class also likely contains p53, al-
though p53 cross-linking to AAML-AG was not clearly
detectable. The third class (p170, p95, and p38) com-
prised cross-links that appeared coincident with the sec-
ond step of splicing only. These species accumulated on
AdML-AG at later time points, but were not apparent
with AAML-GG.

Because their migrations in SDS-PAGE were so simi-
lar, we thought it possible that p53, p56, and p58 might
represent different phosphorylation states of the same
protein. To test this, we treated cross-linking reactions
with calf intestinal phosphatase prior to gel electropho-
resis. Although this treatment did alter the migration of
several other bands, no effects were observed on any
cross-linked species in the 50-60-kD range (data not
shown). Therefore, we conclude that p53, p56, and p58
are likely different polypeptides.

In summary, this analysis revealed that at least nine
proteins interact with the 25-27-nt protected region of
the 5’ exon over the course of splicing. Each protein ap-
pears to associate preferentially with a particular posi-
tion on the 5’ exon. Furthermore, the interactions are
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quite dynamic, with the complement of proteins chang-
ing significantly as splicing proceeds.

Because many of the above splicing-dependent cross-
links were most intense at either position -17 or -27, we
chose to extend our analysis by incorporating a different
photoactivable group (4-thioU) at position -24 of the
AdML-AG, AAML-GG, and PIP.B+10 substrates. In com-
parison to benzophenone, which can sweep out a radius
of up to 15 A, 4-thioU should only cross-link to those
species most closely associated with the RNA (Moore
and Query 1998). Paralleling the benzophenone experi-
ments, we first performed splicing and cross-linking
time courses for the 4-thioU modified AAML-GG and
AdML-AG substrates to reveal proteins that cross-link
before and after exon ligation, respectively (Fig. 3A). As a
further measure of specificity, we performed cross-link-
ing with AAML-AG-24S in the absence or presence of a
100-fold molar excess of cold competitor (Fig. 3B). To
determine which cross-linked bands represented pro-
teins associated with spliceosomes and/or mRNP, we
subjected all cross-linking reactions to glycerol gradient
fractionation (Fig. 3C,D). In the case of PIP.B+10 (Fig.
3D), we compared the proteins that cross-linked as a con-
sequence of splicing (Fig. 3D, right panel) to those that
cross-linked under identical conditions to an intronless
control mRNA (Fig. 3D, left panel).

Many of the proteins cross-linking to 4-thioU (Fig. 3)
exhibited similarities in terms of their apparent molecu-
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Figure 3. Splicing and cross-linking of 4-thioU-containing RNAs. (A, upper panel) Splicing time courses of AAML-GG and AAML-AG
RNAs containing single 4-thioU and 32P labels at position -24. Splicing precursors, intermediates, and products are indicated to the
right. (Lower panel) Pattern of cross-linked proteins for each time point in upper panel. Molecular mass standards and apparent
molecular weights of proteins cross-linking in a splicing-specific manner are indicated to the left and right, respectively. (B) Effects of
nonspecific competitor RNA on cross-linking pattern for AAML-AG RNA. (Left panel) Following a 60-min incubation under splicing
conditions, excess cold competitor RNA was added and reactions incubated for an additional 10 min before UV irradiation and RNase
digestion. Open and closed arrows indicate bands that were sensitive or not, respectively, to addition of cold competitor RNA. (Right
panel) Denaturing PAGE (15%) of splicing precursors and products in the presence (+) and absence (-) of cold competitor RNA showing
that cross-linking differences in the left panel do not simply reflect a difference in the extent of splicing. (C) Glycerol gradient
fractionation of splicing reactions containing site-specifically modified AAML-GG (lanes 1-7) or AAML-AG (lanes 9-15) substrates.
Substrates were incubated for 90 min (AdML-GG) or 120 min (AdML-AG) and irradiated on ice prior to being loaded onto a 10%-30%
glycerol gradient. Following glycerol gradient fractionation, fractions (numbers at top) were divided and either resolved by denaturing
PAGE (upper panels) or RNase A digested and separated by SDS-PAGE (lower panels). Lane 8 corresponds to AAML control mRNA
incubated for 45 min under splicing conditions, irradiated on ice, and directly resolved by denaturing PAGE (upper panels) or RNase
A digested and separated by SDS-PAGE (lower panels), without prior glycerol gradient fractionation. Molecular mass markers and
apparent molecular masses of splicing specific cross-linked proteins are indicated to the left and right of each gel, respectively. (D)
Same as C except with site-specifically modified PIP.B control mRNA (lanes 1-7) and pre-mRNA (lanes 9-15).
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lar weights and timing of appearance/disappearance to
the classes of cross-links observed with the benzophe-
none substrates (Fig. 2). For instance, as in the benzophe-
none reactions, two proteins with apparent molecular
masses of 170 and 95 kD cross-linked only to the 4-thioU
RNAs capable of undergoing the second step of splicing
and not to AAML-GG or control PIP.B+10 mRNA. Also
in this class (the third class above) for the 4-thioU reac-
tions was a protein of 57 kD apparent molecular mass.
The cross-linking intensity of these three bands was un-
affected by the addition of cold competitor RNA (Fig.
3B), suggesting that p170, p95, and p57 are all stably
associated with the spliced mRNA. Because p57 behaved
differently (i.e., it cross-linked only after exon ligation)
from the p53, p56, and p58 observed in the benzophe-
none reactions, we suspect that p57 is distinct from the
other 50-60-kD proteins.

In contrast to the above proteins, addition of cold com-
petitor did decrease the intensity of p135 cross-linking
(Fig. 3B). Furthermore, p135 appeared to cross-link to the
unspliced PIP.B+10 control mRNA (Fig. 3D, left panel),
and the fractionation pattern of p135 cross-links did not
exactly parallel that of spliced mRNA (Fig. 3C,D, right
panels). Taken together with the benzophenone data,
these results suggest that p135 interacts with a sequence
element present in the 5’ exons of both AAML and
PIP.B+10, but it does not bind specifically to mRNA as
part of the EJC. The cross-linking patterns of two other
bands, p32 and p25, are discussed below.

Identification of two cross-linked species as SRp20
and REF/Aly

To identify the cross-linked proteins, we undertook a
series of immunoprecipitation experiments with anti-
bodies against known splicing factors and proteins pre-
viously reported to be EJC components. Immunoprecipi-
tations were carried out after cross-linked samples had
been treated with both heat and SDS to promote protein
denaturation (see Materials and Methods). Of the numer-
ous antibodies we tested (against Y14, SRp20, REF/Aly,
UAP56, SRm160, DEK, and RNPS1), only those recog-
nizing Y14, SRp20, and REF/Aly clearly precipitated
their cognate proteins under the conditions used in Fig-
ure 4. Contrary to expectations, although a polyclonal
a-Y14 antiserum efficiently precipitated denatured, in
vitro translated Y14, this antiserum failed to precipitate
any species in the appropriate molecular-mass range (20—
26 kD) cross-linked to either benzophenone- or 4-thioU-
containing RNAs (data not shown). Instead, we were able
to identify the prominent band of ~25 kDa (p25) that
cross-linked to 4-thioU-containing RNAs as SRp20 (Fig.
4A; data not shown). Consistent with the benzophenone
data showing that p25 cross-linked at positions -7, -17,
and -27 (Fig. 2), this protein also cross-linked to 4-thioU
at both positions -24 and -20 (Figs. 3, 4A). In the benzo-
phenone reactions (Fig. 2), p25 cross-links appeared to be
splicing-dependent. However, in the 4-thioU time
courses (Fig. 3A), cross-linked p25 was detectable (al-
though weakly) even at 0 min, prior to spliceosome as-
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Figure 4. Identification of two cross-linked proteins as SRp20
and REF/Aly. (A) AUML-AG pre-mRNA containing a single
4-thioU and 32P label at position -20 was incubated under splic-
ing conditions for 60 min prior to UV irradiation. Cross-linked
samples were denatured by boiling in the presence of 0.1% SDS,
digested with RNase A, and then immunoprecipitated with
a-SRp20 antiserum. Similar results were obtained with AdML-
AG containing 4-thioU at position -24 (data not shown). (B)
Same as A except AAML-AG, AAML-GG, and control mRNA
substrates containing a single 4-thioU and *>P label at position
-24 were incubated with «-REF antiserum.

sembly. Consistent with the known ability of SRp20 to
interact with RNAs independent of splicing (Cavaloc et
al. 1999; Schaal and Maniatis 1999), p25 cross-links were
also weakly detectable in the PIP.B+10 intronless control
mRNA fractionations (Fig. 3D, left). Because the inten-
sity of p25 cross-links increased upon splicing (Figs. 2,
3A,D), it seems reasonable to conclude that although
SRp20 can bind the 5’ exon independent of splicing, this
interaction is somehow stabilized by the splicing pro-
cess.

The p32 visible in all 4-thioU cross-linking reactions
was identified as REF/Aly (Fig. 4B). Consistent with its
previous identification as a component of the EJC (Le Hir
et al. 2000b; Zhou et al. 2000), REF/Aly cross-linked
most intensely to AAML-AG (Fig. 4B, lane 2). However,
REF/Aly also cross-linked to both AAML-GG and intron-
less control AAML mRNA (Fig. 4B, lanes 4,6), albeit with
diminished intensities. Furthermore, a p32 cross-linked
band was clearly visible in the fractionation experiment
containing intronless control PIP.B+10 mRNA (Fig. 3D).
Thus, REF/Aly is capable of binding RNA in the absence
of splicing (H complex), but its association with the -24
region is apparently strengthened upon exon ligation.

Mass spectrometric and Western analyses
of spliceosomes and spliced mRNPs

The above identification of REF/Aly as a protein capable
of associating with RNA in the absence of splicing is



consistent with our recent finding that REF/Aly is a
component of affinity-purified H complex (Jurica et al.
2002). In that paper, we reported purification of both H
and C complexes from HeLa nuclear extract and com-
plete mass spectrometric analysis of each. Purifications
were carried out in 150 mM KCI and 5 mM EDTA to
minimize the binding of nonspecific proteins as well as
aggregation of purified complexes. Of the previously re-
ported EJC components (see above), only REF/Aly was
detected in the H complex, whereas REF/Aly, Y14, Ma-
goh, and SRm160 were all clearly present in the C com-
plex (Table 1; Jurica et al. 2002). Thus whereas REF/Aly
can associate with pre-mRNA independent of splicing,
other EJC components join the splicing machinery at
some later point prior to exon ligation.

Here we report similar purification and mass spectro-
metric analysis of two spliced mRNPs: AdML and
PIP85.B. For this purpose, MS2 sites were incorporated
into the 3’ exon of each pre-mRNA substrate, allowing
purification by MS2-MBP affinity chromatography (see
Materials and Methods). Pilot studies revealed that
mRNPs purified in the presence of EDTA contained very
little protein (data not shown), indicating that the struc-
tural integrity of spliced mRNP is strongly Mg>*-depen-
dent. Thus, both mRNP purifications were carried out in
2 mM Mg?* without EDTA, but still in the presence of
150 mM KCIl. AAML and PIP85.B mRNPs purified in this
way were essentially free of pre-mRNA and splicing in-
termediates (Fig. 5A; data not shown), and Coomassie G
staining showed that both mRNPs had defined protein
compositions that were distinct from those of purified C
and H complexes (data not shown).

When analyzed by mass spectrometry, several peptides
uniquely identifying REF/Aly, Y14, Magoh, and RNPS1
were detected in both spliced mRNPs (Table 1). Thus,
these four proteins clearly associate with spliced mRNA,
in agreement with previous reports. Additionally, SRp20
was detected in both spliced mRNPs. Its absence from
the H and C complexes likely reflects a dependence on
Mg?>* for binding, as no SR proteins were detected in
either complex purified in the presence of EDTA (Jurica
et al. 2002). Surprisingly, no peptides identifying
SRm160, DEK, or UAP56 were observed in either spliced
mRNP. Furthermore, neither DEK nor UAP56 was de-
tected in our previous mass spectrometry analysis of the

Table 1. Mass spectrometric data for EJC proteins

AdML AdML AdML PIP85.B
Protein MW H complex® C complex® mRNP mRNP
REF/Aly 269 1 1 2 2
Y14 19.9 6 9
Magoh 17.1 1 5 7
RNPS1 34.2 5 4
SRm160 93.5 1
SRp20 19.3 3 2

Numbers indicate unique tryptic peptides identifying that pro-
tein. No unique peptides were found for DEK or UAP56.
“Data from Jurica et al (2002).

Exon junction complex assembly

C complex (Jurica et al. 2002). There are several reasons
that these proteins might have escaped detection here.
First, some EJC components may dissociate under the
conditions of our purification. Consistent with this was
the observation that more proteins are associated with
spliced mRNP in the presence of Mg>* than in its ab-
sence (see above). Also, it should be noted that the buffer
conditions used here differed somewhat from those used
in our previous immunoprecipitation analyses (Le Hir et
al. 2000Db, 2001a). Second, the mass spectrometry tech-
nique we used entails analysis of SDS-PAGE gel slices,
each containing numerous proteins; because of the com-
plexity of the samples, it is possible that some proteins
were simply missed, particularly in crowded regions of
the gel. Third, some proteins are less amenable to mass
spectrometry because they contain interfering protein
modifications or few unique tryptic peptides.

To determine whether additional EJC components
could be detected by an alternate method, and to confirm
the mass spectrometry results, we performed Western
blot analyses on purified AAML complexes. For better
comparison between the C complex and mRNP, we in-
cluded C complex purified in the presence of Mg?*, as
well as in its absence. All complexes were loaded in
equimolar amounts, as estimated by the specific activity
of the in vitro-transcribed RNA contained within. REF/
Aly, Y14, and Magoh were all evident in both C complex
preparations, as well as in spliced mRNP (Fig. 5B). Thus,
in agreement with the mass spectrometry results, these
three EJC components all clearly join the splicing ma-
chinery prior to exon ligation and remain associated
with spliced mRNA.

Although DEK was readily detectable in nuclear ex-
tract by Western blotting, it could not be detected in
either the C complex or spliced mRNP. Taken together
with the mass spectrometry results, we therefore con-
clude that DEK is not a stably bound EJC component.
However, we and others previously reported that anti-
sera against DEK could specifically coimmunoprecipi-
tate spliced mRNA (Le Hir et al. 2000b, 2001a; Mc-
Garvey et al. 2000). Thus, either the association of DEK
with splicing complexes is not stable enough to with-
stand the purification conditions used here, or the DEK
antiserum recognizes an alternate epitope in the EJC.
Consistent with the latter possibility, during our at-
tempts to identify proteins that cross-link to the 5’ exon
(see above), we observed that anti-DEK antisera precipi-
tated an unidentified ~20-kDa cross-linked protein (data
not shown). Furthermore, recent work from the Maquat
laboratory in which they analyzed the protein comple-
ment of endogenous nuclear mRNPs from COS cells in-
dicated that although most of the other known EJC com-
ponents were detectable in these complexes, DEK was
not (Lejeune et al. 2002).

Western blotting confirmed that RNPS1 was present
in spliced mRNP, but not in C complex purified in the
absence of Mg>*. However, RNPS1 was readily detect-
able in C complex purified with Mg>* (Fig. 5B). Thus,
RNPS1 does associate with the spliceosome prior to
exon ligation, but its binding is sensitive to buffer con-
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Figure 5. Affinity purification and Western analysis of
spliced mRNP. (A) Denaturing gel (15% polyacryl- (=8 — — 4
amide) following labeled RNAs during splicing (0 and — % “
60 min, lanes 1,2), RNase H digestion (lane 3), and af- —— T Magoh
finity elution (lane 4). Positions of MS2-tagged pre- L G q el FHES

mRNA, intermediates, and spliced mRNA are indicated
to the left. (B) Western analysis of purified mRNP and C
complexes (+/-Mg>*). Lane 1 contains 1 uL of HelLa
nuclear extract. Lanes 2-4 each contains ~120 fmole of
the indicated complex as estimated from the specific
activity of splicing intermediates (C complexes) or
mRNA (mRNP.

ditions. Similar sensitivities were observed for SRm160
and UAP56, both of which were readily apparent in C
complex purified in the presence of Mg>*, but undetect-
able (SRm160) or barely visible (UAP56) in C complex
purified in 5 mM EDTA. Furthermore, neither SRm160
nor UAP56 was discernable in spliced mRNP. We have
subsequently learned that UAP56 association with
spliced mRNP is quite sensitive to salt concentrations in
excess of 60 mM (Z. Zhou, R. Reed, pers. comm.). Our
observation that the association of SRm160 and UAP56
with C complex is less salt-sensitive than their associa-
tions with mRNP (Fig. 5B, cf. lanes 2 and 4) suggests that
some structural alteration destabilizes their binding
upon exon ligation. It is tempting to speculate that this
is the same structural alteration that stabilizes REF/Aly
association with the mRNP, as shown above.

Discussion

In this paper, we have begun to investigate the mecha-
nism and timing of EJC assembly on spliced mRNA. Us-
ing a combination of RNase protection and photo-cross-
linking assays, we showed that the 5’ exon is subject to
numerous dynamic protein-RNA interactions over the
course of splicing (Fig. 6). These interactions afford sig-
nificant protection to the last 25-27 nt of the 5’ exon
intermediate. Thus, between the two steps of splicing,
interactions between the 5’ exon and the splicing ma-
chinery are much more extensive than originally
thought. In the C complex we could detect at least nine
proteins that cross-link across this region in a splicing-
dependent manner. Coincident with exon ligation, inter-
actions at the 3’ end of the 5’ exon disappear, and three
new proteins (p170, p95, and p57) come into close prox-
imity to position -24. Two other proteins that cross-link
to this position in both unspliced and spliced RNAs were
identified as REF/Aly and SRp20. Mass spectrometry and
Western blotting confirmed that REF/Aly can interact
with pre-mRNA prior to spliceosome assembly, whereas
other known EJC components (Y14, Magoh, RNPS],
UAP56, and SRm160) are found in intermediate-contain-
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ing spliceosomes. Upon exon ligation, association of
RNPS1, UAP56, and SRm160 is destabilized, while REF/
Aly, Y14 and Magoh remain stably bound to the spliced
exons.

Protection of the 5' exon intermediate is extensive

Until recently, the splicing machinery was thought to
make only minimal contacts with the 5’ exon. Other
than a weakly conserved AG as the 3'-terminal dinucleo-
tide, there are no apparent 5’ exon consensus sequences.
The AG is complementary to C9 and U10 of Ul snRNA,
and may thus contribute to early 5’ splice site recogni-
tion in the E/CC (early or commitment) complex
(Seraphin and Kandels-Lewis 1993). Upon U4/U6.U5 tri-
snRNP addition to form the B complex, a conserved loop
in U5 snRNA (loop I) forms 2-3 promiscuous base pairs
with the terminus of the 5’ exon, and strengthening this
pairing can facilitate use of otherwise nonconsensus 5’
splice sites (Newman and Norman 1991; Wyatt et al.
1992). In Saccharomyces cerevisiae, the 5 exon-U5
snRNA interaction is thought important for both reten-
tion of the 5’ exon intermediate and alignment of the 5’
and 3’ exons prior to exon ligation (Newman and Nor-
man 1992). In mammalian extracts, however, U5 snRNA
loop I can be deleted entirely with no ill effect on either
step of splicing (O’Keefe et al. 1996; Segault et al. 1999).
Thus, the mammalian spliceosome must use interac-
tions in addition to any base pairings with U5 snRNA to
maintain its grip on the 5’ exon intermediate and prop-
erly align the second-step reactants.

Although there are no conserved sequence elements in
the 5’ exon beyond position -2, it has recently become
apparent that the 5’ exon does become increasingly pro-
tected as spliceosome assembly proceeds. Ul snRNP ad-
dition to form E/CC complex results in protection of the
last 5 nt, and subsequent U4/U6.U5 tri-snRNP addition
extends the footprint out to 15 nt (Maroney et al. 2000).
By the time of lariat formation, we find that the 5’ exon
footprint is 25-27 nt long (Fig. 1C,D). Thus, it is now
clear that much more of the 5’ exon is engaged in stable
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Figure 6. A model for EJC assembly. EJC assembly is initiated as early as the H complex, when REF and SRp20 become associated
with the 5’ exon. Additional EJC components join the complex prior to exon ligation. As the splicing reaction proceeds through exon
ligation and mRNP release, at least three additional proteins become closely associated with the RNA, while other factors may remain
with the spliceosome. Association of some EJC proteins becomes less stable after mRNP release. Proteins identified by cross-linking
are named according to their apparent molecular weights, whereas p32/REF and p25/SRp20 were identified by denaturing immuno-
precipitation. Proteins lacking a molecular-mass designation (bottom section) were shown to be present in the C complex or spliced

mRNP by mass spectrometry and/or Western analysis.

interactions with the splicing machinery than previ-
ously supposed. Yet, most of these 5’ exon interactions
are clearly dispensable for splicing in vitro. In both yeast
and human splicing extracts, no decrease in first-step
splicing efficiency is observed when the 5’ exon is trun-
cated to 2 nt, and even a 1-nt exon can support some
lariat formation (Duchene et al. 1988; Hertel and Mani-
atis 1999). In our hands, an AAML substrate with a 6-nt
5" exon underwent efficient lariat formation, but was
significantly impaired for exon ligation (data not shown).
A 14-nt 5’ exon did undergo exon ligation, but not as
efficiently as longer sequences (data not shown). Simi-
larly, efficient exon ligation in S. cerevisiae extracts re-
quires the 5’ exon to be somewhere between 6 and 12 nt
(Duchene et al. 1988). Thus, at least in vitro, truncation
of the 5’ exon is of little or no consequence for the first
step of splicing, but there is a minimum 5’ exon length
requirement for the second step. Undoubtedly, some of

the 5’ exon interactions required for the second step are
needed to anchor the 5’ exon intermediate within the
spliceosome, as Chanfreau et al. (1999) found that a yeast
pre-mRNA with a 5-nt 5’ exon could support exon liga-
tion to an alternate 5’ exon supplied in trans.

Enhanced 5’ exon association of REF/Aly and SRp20
upon exon ligation

Of the nine proteins that consistently cross-linked in a
splicing-dependent or partially splicing-dependent man-
ner, we were able to positively identify two as REF/Aly
and SRp20. REF/Aly (p32) cross-linked to position -24
independent of splicing (Figs. 3D, left panel, 4B, lane 6).
However, when the mRNA is spliced, REF/Aly cross-
linked much more intensely (Figs. 3C,D, right panels,
4B, lane 2). These results agree with previous functional
data showing that REF/Aly can interact weakly with and
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promote the nuclear export of unspliced RNAs, but is
stably recruited to spliced RNAs as a component of the
EJC (Le Hir et al. 2001a; Rodrigues et al. 2001). Interest-
ingly, cross-linking of p32 was only barely detectable in
reactions that were blocked for the second step and so
accumulated C complex (Figs. 3C, left panel, 4B, lane 4)
even though REF/Aly was clearly present in the C com-
plex by mass spectrometry and Western blotting (Table
1; Fig. 5B). It seems possible that when REF/Aly is re-
cruited to spliceosomes by UAP56 (Luo et al. 2001; Stras-
ser and Hurt 2001), it is not initially positioned close to
the 5’ exon. Upon exon ligation, and coincident with the
same structural transition that destabilizes association
of UAP56, REF/Aly may then become tightly associated
with the EJC and so come into close proximity with 5’
exon position -24.

Identification of the p25 cross-link as SRp20 is consis-
tent with a previous report from the Reed laboratory
(Chiara et al. 1996) that SRp20 (and SRp30) could be
cross-linked in the E/CC complex at positions -31 and
-26 relative to the 5’ splice site of AAML pre-mRNA. We
similarly reported that SRp20 cross-links to position -2
of PIP pre-mRNA independent of splicing (Le Hir et al.
2000a). In the 4-thioU reactions examined here, p25
clearly cross-linked both at early time points (Fig. 3A)
and in the absence of splicing (control mRNA, Fig. 3D,
left panel). Furthermore, p25 cross-links decreased in in-
tensity upon addition of cold competitor. Taken to-
gether, these results confirm previous observations that
SRp20 can bind to RNA independent of splicing (Cavaloc
et al. 1999; Schaal and Maniatis 1999), but this binding is
relatively weak. However, like REF/Aly, its association
with the 5’ exon is apparently stabilized upon exon liga-
tion, as evidenced by stronger p25 cross-linking to
spliced RNAs (Fig. 3D, cf. left and right panels). Recently
it was reported that SRp20, a known shuttling protein,
can serve as an export adaptor for intronless mRNAs that
contain several near-consensus SRp20-binding sites
(Huang and Steitz 2001). In that case, SRp20 functions in
collaboration with 9G8, another shuttling SR protein.
Perhaps within the EJC, SRp20 similarly collaborates
with REF/Aly to facilitate export of spliced RNAs.

As of this writing, the other cross-linked species ob-
served in Figures 2 and 3 remain to be positively identi-
fied. The p220 that cross-linked to benzophenone at po-
sition -7 is most likely hPrp8p, as we and others have
previously demonstrated that hPrp8p cross-links
strongly near the end of the 5’ exon and at the 5’ splice
site (Chiara et al. 1996 and references therein; Reyes et
al. 1999; Le Hir et al. 2000a). Likewise, the p170 that
cross-linked only after exon ligation may well be
SRm160—using a different antiserum from that used
here (see Materials and Methods), we have previously
shown that SRm160 can become cross-linked to benzo-
phenone incorporated adjacent to the exon-exon junc-
tion of spliced mRNA (Le Hir et al. 2000a). Lastly, it is
possible that the 50-60-kD proteins that became cross-
linked to benzophenone at positions -17 and -27 (Fig. 2)
or p57 that cross-linked to 4-thioU at position -24 (Fig. 3)
could include UAP56 or RNPSI.
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Insights into EJC structure and assembly

Our previous characterizations of the protein comple-
ment of spliced mRNP and the EJC relied almost exclu-
sively on coimmunoprecipitation analyses. To confirm
and extend these findings, we have now analyzed affin-
ity-purified H, C, and mRNP complexes by mass spec-
trometry and Western blotting. From these results we
can begin to build an initial framework for both EJC
assembly and its subsequent structural rearrangements
(Fig. 6). The model includes both known EJC compo-
nents and cross-linked proteins of unknown identity. Be-
cause some overlap likely remains between these two
subsets (see above), future identification of cross-linked
species may simplify this picture somewhat.

Even though REF/Aly and SRp20 can associate with
the -20/-24 region independent of splicing, it is unclear
whether this initial binding contributes to EJC assembly
or simply reflects the general RNA-binding ability of
these proteins. Recently it was reported that splicing-
dependent recruitment of REF/Aly requires the putative
RNA helicase UAP56 (Luo et al. 2001; Strasser and Hurt
2001), which has also been implicated in early spliceo-
some assembly (Kistler and Guthrie 2001; Libri et al.
2001; Zhang and Green 2001). In yeast, it has been pro-
posed that Sub2p (the UAP56 ortholog) serves to recruit
Yralp (the REF/Aly ortholog) to mRNAs but then must
dissociate to allow interaction between Yralp and
Mex67p (the TAP ortholog; Strasser and Hurt 2001).
UAPS56 has been detected in spliced mRNPs purified un-
der low salt conditions (60 mM NaCl; Luo et al. 2001). In
contrast, when purifications were carried out in 150 mM
KCl, we could only detect UAP56 in the C complex and
not in spliced mRNP, whereas REF/Aly was present in
both complexes (Fig. 5B; Table 1). Taken together, the
biochemical data are consistent with the idea that
UAP56 serves to recruit REF/Aly in a splicing-dependent
manner and subsequently dissociates after mRNP re-
lease. Whether or not UAP56 also directly recruits other
EJC components is unknown at present.

Like UAP56, SRm160 is not as stably associated with
spliced mRNP in vitro as are other EJC components.
Given that more proteins can be detected in association
with the EJC in vivo than in vitro (see above), it is pos-
sible that the association of UAP56 and SRm160 with
spliced mRNA is somewhat more stable in vivo. None-
theless, once the EJC is assembled, neither UAP56 nor
SRm160 is necessary for continued EJC association with
spliced mRNA. Similarly, binding of RNPS1 appears to
weaken upon exon ligation, so it is also unlikely to be at
the EJC core. Candidates for core proteins include some
of the unidentified cross-linked proteins in Figures 2 and
3, as well as REF/Aly, Y14, and Magoh, which all exhibit
similar abundance in the C complex and mRNP (Fig. 5B).
Yet, REF/Aly is known to dissociate from the EJC upon
nuclear export of mRNA (Kim et al. 2001a), whereas Y14
and Magoh remain bound in the cytoplasm (Kataoka et
al. 2000, 2001; Kim et al. 2001a; Le Hir et al. 200143,
2001b). Y14 is bound so tightly that its removal requires
transit of ribosomes across the EJC locus (Dostie and



Dreyfuss 2002). Therefore, of the known EJC compo-
nents, those most likely to constitute the core complex
are Y14 and its binding partner Magoh. Curiously, how-
ever, even though Y14 contains an RNA recognition mo-
tif (RRM) and we could immunoprecipitate in vitro-
translated Y14 under denaturing conditions (data not
shown), we could not demonstrate that any of the cross-
linked proteins observed here was Y14. Because the EJC
binds independent of sequence, it is likely that the most
crucial protein—-RNA contacts are through the phospho-
diester backbone. Future studies directed at understand-
ing EJC structure should explore this possibility, as well
as focus on identifying the complete complement of core
EJC proteins, some of which are likely to be one or more
of the unidentified cross-linked proteins described here.

Materials and methods

RNA substrates and antibodies

Uniformly labeled splicing substrates were prepared by standard
transcription using T7 RNA polymerase and [«-*>P][UTP. DNA
templates for AAML (Gozani et al. 1994), PIP85.B (Query et al.
1994), and «-TM (Smith et al. 1989) were as previously de-
scribed. DNA templates for corresponding control 5’ exons and
mRNAs were constructed by PCR. RNAs containing single
[32P] labels and/or photoactivatable cross-linking groups were
constructed by splinted RNA-RNA ligations (Moore and
Query 1998). Benzophenone-containing RNAs were prepared
essentially as described (MacMillan et al. 1994; Moore and
Query 1998) by ligating the 10-nt RNA oligonucleotide
(GGUGUCGCAA*G) containing a single convertible deoxy-
adenosine (dA*) to a series of [*2P]-phosphorylated 3' RNA tran-
scripts derived from AAML-AG and AAML-GG, each containing
progressively longer 5’ exons. RNAs containing 4-thioU were
constructed by initiating the 3" RNA fragment with synthetic
4-thioUpG during in vitro transcription. This transcript was
[32P]-phosphorylated and joined to a 5° RNA capped with
GpppG.

The following antibodies were kindly provided by the person
indicated: a-REF, a-Y14, a-Magoh [E. Izaurralde (European Mo-
lecular Biology Laboratory, Heidelberg, Germany)]; a-RNPS1
[A. Mayeda (University of Miami, FL)|; «-UAP56 [R. Reed
(Harvard Medical School, Boston, MA)]; «-DEK [G. Grosveld
(St. Jude Children’s Hospital, Memphis, TN)]; and «-SRp20 [K.
Neugebauer (Max Planck Institute, Dresden, Germany|]. The
a-SRm160 antiserum used in our previous study (Le Hir et al.
2000a) was no longer available; the «-SRm160 used here was
purchased from Santa Cruz Biotechnology.

In vitro splicing, glycerol gradients, and RNase digestions

In vitro splicing reactions, analysis of splicing products, glycerol
gradients, and RNase digestions (H, A, and T1) were performed
as previously described (Le Hir et al. 2000a,b). For RNase H
digestions, splicing reactions containing the AAML-GG and
o«-TM substrates were incubated for 90 min, whereas control 5’
exons were similarly incubated for 45 min prior to addition of
c¢DNA oligonucleotides.

Cross-linking and immunoprecipitation

Benzophenone- and 4-thioU-derivatized substrates were incu-
bated under standard splicing conditions for the times indi-
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cated. Cross-linking was carried out on ice by UV irradiation at
302 nm or 365 nm for benzophenone- and 4-thioU-derivatized
RNAs, respectively. Reactions were then digested with 0.1 mg/
mL RNase A (Sigma) at 37°C for 30 min. For competition ex-
periments, splicing reactions were supplemented with cold
competitor RNA to 0.5 mg/mL final concentration and incu-
bated at 30°C for an additional 15 min prior to UV irradiation.
Cross-linked proteins were separated on SDS-16% polyacryl-
amide (200:1 acrylamide:bis) gels and detected by autoradiogra-
phy or with a Molecular Dynamics Phosphorlmager.

Immunoprecipitations were carried out essentially as de-
scribed (Le Hir et al. 2000a), except that reactions containing
a-SRp20 were supplemented with a threefold excess of Triton
X-100 (over SDS) following denaturation and prior to dilution
for IP.

Purification and characterization of spliced mRNPs

Affinity purification of AAML +Mg>* C complex was performed
as previously described for -Mg?>* C complex (Jurica et al. 2002)
except that the sizing column buffer contained 150 mM KCl, 2
mM MgCl,, 20 mM Tris (pH 7.9), and 0.5% NP-40; and the
amylose column buffer contained 150 mM KCI, 2 mM MgCl,,
and 20 mM Tris (pH 7.9). An MS2-MBP (maltose-binding pro-
tein) fusion protein [the construct was a gift from Josep Vilardell
(Institute for Genomic Research, Barcelona, Spain)| served as an
affinity tag. Substrates used to generate spliced mRNPs for pu-
rification were derivatives of AAML (HMS388, generously pro-
vided by Robin Reed) and PIP85.B (Query et al. 1994) that each
contained three MS2 sites in the 3’ exon. mRNP purification
followed essentially the same protocol as the +Mg>* C complex
except that after splicing, reactions were supplemented with
five 12-nt DNA oligonucleotides (500 nM each) complementary
to intron sequences to induce cleavage by endogenous RNase H
of any remaining pre-mRNA substrate. The reaction was then
fractionated on an S-300 sizing column (Amersham Pharmacia)
equilibrated with 150 mM KCl, 2 mM MgCl,, 20 mM Tris (pH
7.9), and 8% glycerol. Amylose chromatography was performed
with the same buffer, and complexes were eluted by addition of
10 mM maltose. For Western analysis, ~120 fmole of each com-
plex was separated on a 5%-15% gradient SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and probed with the indi-
cated antibody. Peptide sequence analysis by mass spectrom-
etry was performed as described previously (Jurica et al. 2002).
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