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METHOD

Resolution of the mammalian E complex and
the ATP-dependent spliceosomal complexes
on native agarose mini-gels

RITA DAS and ROBIN REED
Harvard Medical School, Boston, Massachusetts 02115, USA

ABSTRACT

A great deal of progress in elucidating the mechanisms of spliceosome assembly has been achieved by analyzing the
A, B, and C spliceosomal complexes on native polyacrylamide gels. In contrast, progress in understanding the
earliest spliceosomal complex E has been hampered because this complex dissociates on native gels and is difficult
to detect by other methods. Here we report conditions for resolving the spliceosomal complex E using a native
horizontal agarose mini-gel system. This system also provides a simple alternative to polyacrylamide gels for re-
solving the ATP-dependent spliceosomal complexes.
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INTRODUCTION

Spliceosomal complexes assemble on pre-mRNA in a
stepwise pathway in vitro+ In mammals, the nonspecific
complex H assembles first and consists of hnRNP pro-
teins (Konarska & Sharp, 1986; Bennett et al+, 1992)+ H
complex formation does not require splice sites or ATP
and occurs at 4 8C (Konarska & Sharp, 1986)+ The re-
lationship between the H complex and the spliceoso-
mal complexes is not clear, but at least a portion of the
H complex cannot serve as a substrate for splice-
osome assembly (Michaud & Reed, 1993)+ The ATP-
independent E complex is the first discrete functional
spliceosomal complex (Reed, 1990; Michaud & Reed,
1991)+ E complex formation requires incubation at 30 8C
and assembles more efficiently on pre-mRNAs contain-
ing both a 59 splice site and the pyrimidine tract at the
39 splice site (Jamison et al+, 1992; Michaud & Reed,
1993)+ Complexes related to the E complex, the E59
and E39 complexes, assemble on “half-substrate” RNAs
containing only a 59 or a 39 splice site, respectively
(Michaud & Reed, 1993)+ The E and E39 complexes
are precursors to the ATP-dependent A and A39 com-
plexes (Michaud & Reed, 1993)+ In contrast to the E

complexes, the A complexes require the branchpoint
sequence (BPS) for assembly (Champion-Arnaud
et al+, 1995)+ The B complex assembles after the A
complex, and the two catalytic steps of splicing take
place in the C complex (Konarska & Sharp, 1986, 1987;
Lamond et al+, 1987)+Complexes analogous to the mam-
malian spliceosomal complexes are also detected in
yeast, with the yeast commitment complex being the
apparent counterpart of the mammalian E complex
(Séraphin & Rosbash, 1989)+

Several methods have been used to isolate and char-
acterize the spliceosomal complexes in both yeast and
mammals, including density-gradient sedimentation
(Brody & Abelson, 1985; Frendewey & Keller, 1985;
Grabowski et al+, 1985), native gel electrophoresis (Ko-
narska et al+, 1985; Konarska & Sharp, 1986; Pikielny
et al+, 1986), and gel filtration (with or without an affinity-
purification step) (Reed et al+, 1988; Reed, 1990)+ The
advantage of native gels is that multiple parameters
can be readily tested on a single gel+ The yeast and
mammalian A, B, and C complexes, as well as the
yeast commitment complex, are well-resolved on na-
tive gels (Konarska et al+, 1985; Konarska & Sharp,
1986; Pikielny et al+, 1986; Séraphin & Rosbash, 1989)+
In contrast, the mammalian E complex dissociates on
native gels and has only been detected on density gra-
dients and by gel filtration (Reed, 1990; Michaud &
Reed, 1991; Jamison et al+, 1992)+ Because these dif-
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ficult fractionation methods have hampered progress
in characterizing the E complex, we have now estab-
lished conditions for resolving the E complex on native
agarose gels+ This method is significantly easier than
the native polyacrylamide gels previously used for
analyzing the spliceosomal complexes and also pro-
vides a simple alternative for resolving the A, B, and C
complexes+

RESULTS AND DISCUSSION

The most commonly used method for resolving the H,
A, B, and C complexes is electrophoresis on a vertical,
4% nondenaturing polyacrylamide gel (Konarska &
Sharp, 1986, 1987)+ The buffer contains Tris-glycine,
and heparin is usually added to the splicing reaction to
dissociate nonspecific interactions+ However, under
these conditions, the E complex comigrates with the H
complex (Michaud & Reed, 1991, 1993)+ To determine
whether we could resolve the E complex using different
conditions, we tried the same horizontal agarose mini-
gel and Tris-borate buffer (TBE) normally used for frac-
tionation of DNA (see Materials and Methods)+

AdML pre-mRNA was incubated under E complex
conditions (i+e+,2ATP) for the times indicated, and then
heparin was either added or not added to an aliquot of
each reaction prior to fractionation on a 1+5% TBE aga-
rose gel+ Consistent with previous work (Konarska &
Sharp, 1986, 1987;Michaud & Reed, 1991, 1993), only
one band was detected in the reactions containing hep-
arin (Fig+ 1A, 1heparin)+ Significantly, however, a slow-
mobility complex was also detected in the reactions
lacking heparin (Fig+ 1A, 2heparin)+ This complex is
not present at the zero time point and accumulates
throughout the time course+ By systematically varying
conditions,we found maximal resolution of the two com-
plexes when the gel was made with low-melting-point
agarose and run at 4 8C+ In addition, the complexes
entered the gel better with Tris-glycine buffer instead of
TBE (Fig+ 1B)+ We have designated these complexes
the E and H complexes (Fig+ 1) based on the series of
studies carried out below+

The putative E complex detected on the agarose gel
requires incubation at 30 8C for assembly (Fig+ 2A) as
is the case for the E complex detected by gel filtration
(Michaud & Reed, 1991)+ Moreover, as shown in Fig-
ure 2B, the putative E complex forms efficiently on wild-
type pre-mRNA but significantly less efficiently on an
isogenic pre-mRNA lacking either a 59 splice site or
the pyrimidine tract at the 39 splice site+ Significantly,
the complex does not assemble at all on a pre-mRNA
lacking both 59 and 39 splice sites (Fig+ 2B)+ The tem-
perature dependence, together with the splice-site re-
quirements, are consistent with the conclusion that the
slow and fast mobility complexes correspond to the
E and H complexes, respectively (Michaud & Reed,
1991, 1993)+

Previous studies showed that the branchpoint se-
quence is not required for assembly of the E complex
on AdML pre-mRNA (Champion-Arnaud et al+, 1995)+
As shown in Figure 3, the putative E complex was
detected on the native gel assembles about as effi-
ciently in the absence of the BPS as on wild-type pre-
mRNA (Fig+ 3, lanes 1–4)+ This complex is heparin
sensitive as expected for the E complex (Fig+ 3,
lanes 5, 6)+ In the presence of ATP (and heparin), the A
complex assembles on normal pre-mRNA but not on
the BPS mutant as shown previously (Fig+ 3, lanes 7–
10) (Champion-Arnaud et al+, 1995)+

To obtain further evidence that the heparin-sensitive
complex detected on the agarose gel corresponds to

FIGURE 1. Native agarose gel analysis of ATP-independent splice-
osomal complexes+ A: AdML pre-mRNA was incubated in nuclear
extract in the absence of ATP for the times indicated and then loaded
directly (2heparin), or with heparin added (1heparin) prior to loading
onto a 1+5% low-melting-point agarose gel+ The gel running buffer
was 0+53 TBE+ Complexes were detected by phosphorimager+ The
gel origin and E and H complexes are indicated+ B: Same as A
except the gel running buffer was Tris-glycine+
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the E complex, we incubated pre-mRNA in nuclear ex-
tracts under E complex conditions, and then fraction-
ated the reaction by gel filtration (Fig+ 4A)+ Aliquots of
fractions containing either the E or the H complex were
then fractionated on a native agarose gel next to an
aliquot of the total reaction loaded on the column+ As
shown in Figure 4B, the gel-filtration-isolated E and H
complexes have about the same mobilities as the re-
spective complexes in the total reaction+ It is likely that
the complexes from the total nuclear extract migrate
slightly differently because they are present in the highly
concentrated nuclear extract, whereas the gel-filtration-
isolated complexes are very dilute+

Several observations reported here indicate that we
have resolved the E complex by native agarose gel
electrophoresis+ Like the E complex characterized on
gel-filtration columns, the complex that we have de-
tected on agarose gels is ATP-independent, heparin-
sensitive, requires 59 and 39 splice sites for efficient
formation, requires incubation at 30 8C, and assembles

independently of the BPS+ Moreover, the E complex
detected on native agarose gels is not contaminated
with ATP-dependent spliceosomal complexes because
the ATP-dependent complexes are detected on native
gels after heparin treatment (see below), whereas the
E complex is not (e+g+, Fig+ 1)+ Thus, in contrast to gel
filtration, native agarose gels provide a rapid and sim-
ple assay for E complex formation+

In addition to the E complex, the ATP-dependent
spliceosomal complexes are also readily resolved on
native gels+ For the analysis shown in Figure 5, we
used DAG pre-mRNA that contains an AG-to-GG sub-
stitution at the 39 splice site (Gozani et al+, 1994)+ This
mutation blocks step II of splicing and therefore allows
accumulation of the C complex+ (On wild-type pre-
mRNAs, the catalytic steps of splicing occur so rapidly
that the C complex is difficult to detect as a discrete
complex+) As shown in the time course in Figure 5,
heparin-resistant, ATP-dependent complexes are re-
solved on the native agarose gel+ These complexes
assemble with the same kinetics and have the same
electrophoretic mobilities as the A, B, and C complexes
on native polyacrylamide gels (Konarska & Sharp, 1987;
Lamond et al+, 1987)+ Another advantage of the low-
melting-point agarose gels is that the complexes can
be readily isolated from the gels for analysis of the
labeled RNAs in these complexes+ Such an analysis
showed that the H, E, A, and B complexes contain
unspliced pre-mRNA (Fig+ 5B; data not shown)+ In con-
trast, the C complex contains the splicing intermedi-
ates, confirming the identity of this complex (Fig+ 5B)+
Thus, native agarose gels provide a simple alternative
to polyacrylamide gels for analysis of all of the splice-
osomal complexes+

FIGURE 2. Temperature and splice-site dependence of the ATP-
independent complexes+ A: AdML pre-mRNA was incubated on ice
or at 30 8C+ An aliquot of each reaction was fractionated on a native
agarose gel+ B: The indicated pre-mRNAs were incubated in nuclear
extracts in the absence of ATP and then fractionated on a native
agarose gel+

FIGURE 3. Analysis of a BPS mutation by native gel electropho-
resis+Wild type (WT) pre-mRNA or a pre-mRNA containing a mutant
BPS (Champion-Arnaud et al+, 1995) was incubated in the presence
or absence of ATP for the times indicated+ Heparin was added to the
indicated reactions prior to fractionation on a 1+5% (2ATP) or 2%
agarose (1ATP) gel+
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MATERIALS AND METHODS

Plasmids and pre-mRNA synthesis

The plasmids encoding D59, D39, and the isogenic AdML con-
trol pre-mRNAs are described by Michaud & Reed (1993)+ A
plasmid encoding D59D39 was constructed by combining
the 59 and 39 portions of D59 and D39+ DBPS (LUC mutant)
and the isogenic AdML wild-type control are described by
Champion-Arnaud et al+ (1995)+ DAG is described by Gozani
et al+ (1994)+ Plasmids were digested with BamH1 and tran-
scribed with T7 RNA polymerase+

Spliceosome assembly reactions and analysis

For assembly of the E complex (Michaud & Reed, 1993), the
indicated pre-mRNAs (5 ng) were incubated in 25 mL splicing
reactions lacking ATP and MgCl2+ATP was depleted from the
extract by incubating it at room temperature for 20 min
(Michaud & Reed, 1993)+ For assembly of the A, B, and C

complexes, DAG pre-mRNA was incubated in nuclear ex-
tracts using standard splicing conditions (Krainer et al+, 1984)+
Where indicated, 5 mL of 4 mg/mL heparin were added to
25-mL reactions prior to loading on gels+ The 53 loading dye
contains 13 TBE (89 mM Tris, 89 mM boric acid, 2+5 mM
EDTA), 20% glycerol, 0+25% BPB and 0+25% XC+ For native
gel analysis, 3-mL aliquots of each reaction were loaded on
1+5% horizontal low-melting-point agarose (Gibco BRL) gels+
The running buffer was 50 mM Tris, 50 mM glycine (Konarska
& Sharp, 1987), except in Figures 1A and 4B, where 0+53
TBE was used+ The gels were 7 cm 3 8 cm and were run at
70 V for 3 h (Tris-glycine) or 4+5 h (TBE) at 4 8C+ For the
ATP-dependent complexes, gels were run at room tempera-
ture for 3+5 h+ Gels were fixed in 10% acetic acid, 10% meth-
anol for 30 min, and then dried down under vacuum at 80 8C+
The E complex was fractionated by gel filtration as described
(Michaud & Reed, 1993)+
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