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We have investigated the composition of the earliest detectable complex (H) assembled on pre-mRNA during
the in vitro splicing reaction. We show that most of the proteins in this complex correspond to heterogeneous
nuclear ribonucleoproteins (hnRNP), a set of abundant RNA-binding proteins that bind nascent RNA
polymerase II transcripts in vivo. Thus, these studies establish a direct parallel between the initial events of
RNA processing in vitro and in vivo. In contrast to previous studies, in which total hnRNP particles were
isolated from mammalian nuclei, we determined the hnRNP composition of complexes assembled on individual
RNAs of defined sequence. We found that a unique combination of hnRNP proteins is associated with each
RNA. Thus, our data provide direct evidence for transcript-dependent assembly of pre-mRNA in hnRNP
complexes. The observation that pre-mRNA is differentially bound by hnRNP proteins prior to spliceosome
assembly suggests the possibility that RNA packaging could play a central role in the mechanism of splice site
selection, as well as other posttranscriptional events.

During transcription, nascent heterogeneous nuclear
RNAs (hnRNAs) associate with a distinct set of abundant
nuclear proteins, known as heterogeneous nuclear ribonu-
cleoproteins (hnRNP) to form hnRNP complexes (see refer-
ences 10, 12, and 14 for reviews). The major hnRNP proteins
detected by sodium dodecyl sulfate (SDS)-gel electrophore-
sis of isolated mammalian hnRNP complexes (also referred
to as hnRNP particles) include a group of 35- to 45-kDa
proteins and groups of 68- and 120-kDa proteins (7, 12).
However, at least 20 distinct hnRNP proteins have been
identified by two-dimensional gel electrophoresis (36). On
the basis of the observations that hnRNP proteins bind to
nascent pre-mRNA and that splicing can be visualized on
these transcripts in the electron microscope (2, 32), hnRNP
complexes are thought to be the substrate for posttranscrip-
tional processing events (12).

In vitro studies have shown that pre-mRNA splicing takes
place within spliceosomes, large multicomponent complexes
containing Ul, U2, U4, U5, and U6 small nuclear RNPs
(snRNPs) (see references 21 and 28 for reviews) and a
number of non-snRNP proteins (26, 27, 38). Spliceosome
assembly occurs by means of a stepwise pathway. Pre-
mRNA is first assembled into an ATP-independent complex
which lacks snRNPs (15, 19, 24, 38). This complex (H) does
not appear to be specific to splicing because it assembles as
efficiently on natural pre-mRNAs as on RNAs lacking func-
tional splice sites (19, 24, 38). However, H complex assem-
bly precedes that of any splicing-specific complexes (30),
indicating that this complex is either a spliceosome precur-
sor or that it disassembles prior to spliceosome formation.

Following H complex assembly, the first complex specific
to splicing, E (early) complex, is an ATP-independent com-
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plex that commits pre-mRNA to the splicing pathway (30). E
complex is a precursor to the first specific ATP-dependent
complex (A), which contains Ul and U2 snRNPs (20, 23,
30). U4, U5, and U6 snRNPs then join A complex to form
the mature spliceosome, or B complex, which contains Ul,
U2, U4, U5, and U6 snRNPs (4, 20, 24, 30).

Despite extensive characterization of the structure and
composition of hnRNP complexes isolated from mammalian
cells, the specific functions of these complexes in nuclear
metabolism of pre-mRNAs have not been established (12).
However, at least some of the hnRNP proteins have been
shown to be associated with the splicing machinery. For
example, antibodies against hnRNP C proteins specifically
immunoprecipitate spliceosomes assembled in vitro and
inhibit the splicing reaction (9, 42). Furthermore, binding
studies showed that the hnRNP proteins A, C, and D interact
specifically with the 3' splice site and that mutations in this
element disrupt binding (45). In addition to demonstrating an
association between hnRNP proteins and pre-mRNA, these
and other studies indicated that hnRNP proteins bind RNA
in a sequence-dependent manner (6, 45). Moreover, different
hnRNP proteins show high binding affinities for different
ribohomopolymers, such as poly(U) or poly(G) agarose (46).
However, other studies have shown that hnRNP proteins
can also bind RNA nonspecifically (10, 11). The conclusions
that hnRNP proteins can bind RNA both specifically and
nonspecifically are not necessarily contradictory (see refer-
ence 14 for discussion). Nevertheless, the actual organiza-
tion of hnRNP proteins on natural pre-mRNAs remains to be
established.

In this study, we investigated the protein composition ofH
complex assembled on different RNAs in vitro. Previous
studies revealed that the predominant proteins in H complex
assembled on ,B-globin pre-mRNA have molecular sizes
between 35 and 45 kDa and approximately 65 and 116 kDa
(38). On the basis of the similarity in size to hnRNPs and the
observation that the proteins in H complex bind to diverse
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RNAs added to splicing extracts, we hypothesized that H
complex may contain hnRNP proteins. Here we show that H
complex contains the same set of hnRNP proteins as are
associated with nascent hnRNA in vivo. We find that distinct
combinations of hnRNP proteins associate with pre-mRNAs
of different sequences. Thus, our data show that hnRNP
complexes assemble on pre-mRNA in a sequence-dependent
manner. The implications of transcript-dependent binding of
pre-mRNA by hnRNP proteins are discussed.

MATERIALS AND METHODS

Plasmids. pAdML and T7-H, have been described by
Michaud and Reed (30). pAd3' was constructed by ligating
the FspI-BamHI fragment from pAdML into the PvuII-
BamHI sites of SP72 (Promega). pGC+DX, which encodes a
portion of rat ao-tropomyosin (44), and pB3P3, which en-
codes the 3' portion of the rat ox-tropomyosin intron 2 (35),
were gifts from B. Nadal Ginard. pAdML, pAd3', and
T7-H, were linearized with BamHI for in vitro transcription
with T7 polymerase. pAdML was linearized with FspI to
synthesize Ad5' RNA and with EcoRI to synthesize the
antisense of AdML RNA (transcription was done with SP6
polymerase). pGC+DX and pB3P3 were linearized with
BamHI and AccI, respectively, for transcription with SP6
polymerase.
Pre-mRNA synthesis and in vitro splicing reactions. Bio-

tinylated pre-mRNAs (4, 20, 38) were synthesized with SP6
or T7 polymerase in standard transcription reactions (29),
which included 15 FiM biotinylated UTP (Enzo Biochemi-
cals) and 100 ,uM UTP. In vitro splicing reactions were
carried out as described previously (25). For splicing com-
plex purification, large-scale in vitro splicing reaction mix-
tures (1.2 ml) contained 4.8 p.g of 32P-labeled biotinylated
RNA. For spliceosome purification, reaction mixtures were
incubated at 30°C for 15 min. For purification of H com-
plexes, reaction mixtures did not contain ATP, MgCl2, and
creatine phosphate and were incubated for 5 min. For Fig. 2,
5, 6, and 7, the HeLa cells used for nuclear extracts were
obtained from the Massachusetts Institute of Technology,
while HeLa cells from Endotronics were used for Fig. 1 and
3.

Structure of RNAs. The AdML pre-mRNA (236 nucleo-
tides [nt]) contains exon 1 (92 nt), intron 1 (97 nt), and exon
2 (47 nt). Ad5' RNA (128 nt) consists of the 5' portion of the
AdML pre-mRNA, while Ad3' RNA (108 nts) consists of the
3' portion of the AdML pre-mRNA. The AdML antisense
RNA is 240 nt long and does not contain splicing signals.
3-Globin pre-mRNA (505 nt) contains a 130-nt intron, a

170-nt exon 1, and a 205-nt exon 2. ao-Tropomyosin pre-
mRNA (547 nt) contains a 218-nt intron, and B3P3 RNA
consists of 135 nt of the 3' portion of the a-tropomyosin
intron (including the branch-point sequence and a portion of
the pyrimidine tract).

Splicing complex purification. Large-scale in vitro splicing
reaction mixtures (1.2 ml) were loaded directly onto a
Sephacryl S-500 column (1.5 by 50 cm) as described previ-
ously (30, 38). Fractions (0.5 ml) were collected at a flow rate
of -4 ml/h. An aliquot of each fraction was counted by the
Cerenkov method to identify column fractions containing
splicing complexes. The peak fractions were then pooled,
and 10 to 15 pul of avidin-agarose per ml was added. After
being mixed overnight at 4°C, the avidin-agarose was col-
lected, washed once with 20 mM Tris-HCl (pH 7.8)-100 mM
NaCl, and washed four times with the same buffer for 15 min
each at 4°C. The amount of 32P-labeled RNA bound to the

avidin agarose was determined by counting by the Cerenkov
method. Analysis of the protein composition of the purified
complexes was carried out as described previously (38).
Two-dimensional gel electrophoresis. Two-dimensional gel

electrophoresis was carried out essentially as described by
O'Farrell et al. (31). The first dimension was separated by
nonequilibrium pH gradient gel electrophoresis, and the
second dimension was resolved by SDS-12.5% polyacryl-
amide gel electrophoresis (PAGE) as described by Dreyfuss
et al. (13). The separated proteins were visualized by silver
staining.

Immunopurification of hnRNP complexes. hnRNP com-
plexes were immunopurified from the nucleoplasm of HeLa
cells with the anti-C protein monoclonal antibody 4F4 (8) as
previously described (7, 36). The immunopurified complexes
were eluted from the protein A-Sepharose beads with SDS-
PAGE sample buffer or with nonequilibrium pH gradient gel
electrophoresis sample buffer for analysis of the protein
composition by SDS-PAGE or by two-dimensional gel elec-
trophoresis, respectively.

RESULTS

Several methods have been employed to fractionate spli-
ceosomes and intermediate complexes in the spliceosome
assembly pathway, including density gradient sedimentation
(5, 15, 19), native gel electrophoresis (23, 24), and gel filtra-
tion (30, 39). With any of these methods, the first complex
detected assembles with similar efficiencies on RNAs con-
taining or lacking functional splice sites. This complex has
been designated H (24) or nonspecific (48) complex, when
detected by native gel electrophoresis, and appears to cor-
respond to a 30S complex on density gradients (3, 15, 19).
H complex forms immediately when pre-mRNA is added

to nuclear extracts in either the presence or absence of ATP
and at 00 or 30°C (data not shown) (15, 19, 23, 30). Following
H complex assembly, the kinetics and efficiency of spliceo-
some assembly vary significantly between different pre-
mRNA substrates and between different preparations of
nuclear extracts (38a) (see below). With P-globin pre-
mRNA, H complex is detected after a 5-min incubation in
the presence or absence of ATP (Fig. IA). Spliceosomes
containing Ul, U2, U4, U5, and U6 snRNPs (designated B
complex) (30) are detected at the 30-min time point in the
presence of ATP, at which time significant levels of H
complex are also still present (Fig. 1A).
Although H complexes detected under different conditions

and at different times fractionate similarly, it is not known
whether their protein composition is the same. To investi-
gate the composition of H complexes formed under various
conditions, we used the two-step, large-scale affinity chro-
matography procedure previously used to determine the
protein composition of H complex and other splicing com-
plexes (30, 38). By this method, complexes are assembled on
biotinylated RNA, fractionated by gel filtration, and then
affinity purified by binding to avidin agarose. In a previous
study, H complex was assembled on 3-globin pre-mRNA by
incubation for 15 min at 30°C in the absence of ATP (38).
This complex was found to contain a group of proteins with
sizes between 35 and 45 kDa and proteins with sizes of
approximately 68 and 116 kDa. Comparison by SDS-gel
electrophoresis of H complexes assembled on P-globin pre-
mRNA in the absence or presence of ATP (Fig. 1A) shows
that they are similar to one another (Fig. 1B, compare lanes
1 to 3) and to H complex previously reported (38). We
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FIG. 1. The protein compositions of H complex assembled in the presence or absence of ATP are similar. (A) 32P-labeled ,-globin
pre-mRNA was incubated under splicing conditions in the presence or absence of ATP for the times indicated and then fractionated by gel
filtration. The positions of H complex and spliceosome (B complex) are indicated. The peak in fractions 65 to 75 is degraded RNA. (B)
Affinity-purified H complexes assembled in the absence (5 min [5'], lane 1) or presence (5 min [5'], lane 2; 30 min [30'], lane 3) of ATP and
magnesium were fractionated on an SDS-9% polyacrylamide gel. The sizes (in thousands) of molecular weight markers are indicated on the
right. Protein bands were detected by silver staining.
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FIG. 2. H complex assembled in vitro has a similar protein composition to hnRNP particles isolated from mammalian nuclei. (A)
Affinity-purified H complex (lane 3) and immunoaffinity-purified hnRNP particles (lane 2) were fractionated on an SDS-9% polyacrylamide
gel. The 4F4 monoclonal antibody is shown in lane 1. The heavy and light chains of the antibody are indicated by H and L, respectively. The
abundant hnRNP proteins are designated on the right, and sizes (in thousands) of the molecular weight markers are indicated on the left. (B)
Affinity-purified H complex and immunoaffinity-purified hnRNP particles were fractionated by two-dimensional nonequilibrium gel
electrophoresis. The first dimension was nonequilibrium isoelectric focusing, and the second dimension was SDS-12.5% polyacrylamide. The
designations of the hnRNP proteins are according to Piniol-Roma et al. (36). The heavy and light chains of the 4F4 monoclonal antibody are
indicated as Ig h.c. and Ig l.c., respectively.

conclude that the composition of H complex is not affected
significantly by incubation under different conditions.

In order to determine whether H complex contains any
hnRNP proteins, the protein composition of H complex
assembled on ,-globin pre-mRNA was compared with that
of immunoaffinity-purified hnRNP complexes (Fig. 2).
hnRNP complexes were immunoaffinity purified from nucle-
oplasm by using a Sepharose-bound monoclonal antibody,
4F4, against hnRNP C proteins (7, 36). Strikingly, the
purified H complex contains proteins that comigrate with the
previously described hnRNP proteins, including the 35- to
45-, 68-, and 120-kDa protein groups (Fig. 2A, compare lanes
2 and 3). Moreover, the stoichiometry of the proteins ap-
pears similar in the two complexes (except for hnRNP C
protein, which may be more abundant in the hnRNP com-
plexes because the anti-hnRNP C protein monoclonal anti-
body was used for their isolation).

Further evidence that the proteins in H complex corre-
spond to hnRNP proteins was obtained by comparison of H
complex and hnRNP complexes by two-dimensional gel
electrophoresis (Fig. 2B). This analysis revealed a remark-
able similarity between the two particles. H complex con-
tains most of the hnRNP proteins previously shown to be
present in hnRNP complexes isolated from HeLa cell nucle-
oplasm (36). Notably, H complex does not contain signifi-
cant levels of any proteins other than the known hnRNP
proteins. We conclude that the protein composition of H
complex formed on f-globin pre-mRNA in vitro is virtually
identical to that of total hnRNP complexes isolated from
mammalian nuclei. These results are also consistent with the
general single-stranded nucleic acid-binding properties pre-
viously described for most of these hnRNP proteins (33, 36).
To determine whether the full complement of hnRNP

proteins binds to all functional splicing substrates, we com-
pared H complex assembly on three pre-mRNAs, AdML,
a-tropomyosin, and P-globin (Fig. 3B, lanes 1 to 3). As
expected, all three pre-mRNAs efficiently assemble H com-
plexes (Fig. 3A). However, comparison of their protein
compositions revealed a number of significant differences
(Fig. 3C, lanes 1 to 3). First, the total amount of hnRNP
proteins bound to AdML pre-mRNA is markedly lower than
the amounts observed for the other RNAs (Fig. 3C, compare
lanes 1 to 3). In addition, several proteins, including the 60-
to 68-kDa proteins and the 30- to 34-kDa proteins, are
specifically reduced in the AdML H complex relative to
those in the cx-tropomyosin or ,3-globin H complexes (Fig.
3C, compare lanes 1 to 3). Similarly, analysis of the protein
composition of the ot-tropomyosin H complex (Fig. 3C, lane
2) indicates that it also is distinct from those of AdML and
,-globin.
To determine whether there is any obvious correlation

between deficiencies in particular hnRNP proteins and the
efficiency of spliceosome formation, we compared complex
assembly on AdML, 3-globin, and a-tropomyosin pre-
mRNAs (Fig. 4). Equimolar amounts of each pre-mRNA

were incubated under splicing conditions and then fraction-
ated by gel filtration. Ul, U2, U4, U5, and U6 small nuclear
RNAs are present in the peak designated B complex in each
column profile, confirming that these peaks contain spliceo-
somes (la). Comparison of the B:H complex ratios between
the columns shows that AdML and a-tropomyosin assemble
spliceosomes significantly more efficiently than does
3-globin (Fig. 4). Thus, there is not an apparent correlation
between the H complex composition (Fig. 3C, compare
lanes 1 to 3) and the efficiency of spliceosome assembly.
To determine whether the hnRNP proteins that are defi-

cient in the AdML H complex (Fig. 3C) bind to the pre-
mRNA later during the spliceosome assembly pathway, we
examined the protein composition of affinity-purified spli-
ceosomes assembled on AdML (Fig. 5A, lanes 1 to 3). H
complex assembled on 3-globin is shown in lane 6 as a
marker for the hnRNP proteins absent in AdML H complex
(lane 4). This comparison shows that the hnRNP proteins
that are deficient in the AdML H complex are also deficient
in the AdML spliceosome (e.g., compare the levels of A and
B proteins in Fig. 5A, lanes 1 to 4 with lane 6). Thus, we
conclude that each pre-mRNA is bound by hnRNP proteins
in a transcript-dependent manner and that this differential
binding is, at least in part, maintained in the spliceosome.
Two-dimensional gel analysis of H complex assembled on

AdML pre-mRNA indicates that, as was observed for
3-globin, most of the proteins present in the AdML H
complex correspond to previously described hnRNP pro-
teins (Fig. SB). As expected from the comparison of AdML
and P-globin H complexes by SDS-gel electrophoresis (Fig.
3C, lanes 1 and 3), two-dimensional gel electrophoresis of
these H complexes reveals significant differences in the
relative levels of particular hnRNP proteins (compare Fig.
2B and 5B). For example, hnRNP proteins A, B, H, and L
are more abundant in I-globin H complex than in AdML H
complex. Thus, these results show that the protein compo-
sition of the H complex is dependent on the RNA substrate.
The observed variations in H complex composition appear

to be due to sequence differences between the RNAs. Other
variables, such as amounts of RNA added to the nuclear
extract or different preparations ofH complex with the same
nuclear extract, do not affect the protein composition of the
complexes (data not shown). In addition, the sizes of the
RNAs cannot account for the differences in H complex
composition. 3-Globin and a-tropomyosin pre-mRNAs are
very similar in size (-500 nt, Fig. 3B) yet bind distinct
subsets of hnRNP proteins (Fig. 3C). Similarly, other RNAs
of the same size assemble distinct H complexes with differ-
ent protein compositions (see below). However, one vari-
able that does affect H complex composition is the source of
HeLa cells used to prepare nuclear extracts (see Materials
and Methods). We observed variations in the relative
amounts of some hnRNP proteins in H complexes assembled
in nuclear extracts prepared from different sources of HeLa
cells. This difference is evident by comparing Fig. 3C (lanes
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FIG. 3. Transcript-dependent binding of different pre-mRNAs in hnRNP particles. (A) Fractionation of H complexes. AdML, cx-tropo-
myosin, or p-globin pre-mRNAs (3 pig) were incubated for 5 min in a splicing reaction mixture (750 ,ul) lacking ATP and then fractionated by
gel filtration. The position of H complex (H) is indicated. The peak in fractions 25 to 35 is the void volume, and the peak in fractions 65 to
72 is degraded RNA. (B) Fractionation of pre-mRNAs. 32P-labeled AdML (lane 1), ax-tropomyosin (lane 2), or ,-globin (lane 3) pre-mRNAs
were fractionated on an 8% denaturing polyacrylamide gel. (C) Protein composition of H complexes. AdML, a-tropomyosin, or j3-globin H
complexes were affinity purified and fractionated on an SDS-9% polyacrylamide gel. The sizes (in thousands) of the molecular weight
standards and hnRNP I (I) are indicated on the right.

1 and 3) and SA (lanes 4 and 6), in which AdML and ,-globin
H complexes were assembled in two different nuclear ex-
tracts. Notably, hnRNP I (identified by two-dimensional gel
electrophoresis, e.g., Fig. 5B) is significantly more abundant
in the H complexes shown in Fig. 3 (designated by a bracket
and labeled I) than in those shown in Fig. SA. Whether this
difference is due to variations in the relative levels of hnRNP
proteins or other factors that differ between the HeLa cells is
not known. Nevertheless, in several extracts tested from a
given Hela cell strain, reproducible transcript-dependent
binding of each pre-mRNA was observed. Moreover, a
similar set of hnRNP proteins is associated with a particular

RNA in the two different HeLa cell strains (see Materials
and Methods).
The observation that AdML, ,-globin, and a-tropomyosin

all formed H complexes containing different combinations of
hnRNP proteins provides direct evidence that functional
splicing substrates are assembled into hnRNP complexes in
a transcript-dependent manner. However, the observed se-
quence specificity does not appear to be related to the fact
that these RNAs are splicing substrates. Distinct patterns of
proteins are also observed in H complexes assembled on the
antisense transcript of AdML pre-mRNA (Fig. 5A, lane 5)
and other RNAs lacking functional splice sites (data not
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FIG. 4. Comparison of spliceosome assembly on AdML (Ad), a-tropomyosin (Tm), and ,B-globin (1B) pre-mRNAs. Equimolar amounts of
the pre-mRNAs indicated were incubated under splicing conditions for 15 min and then fractionated by gel filtration. The positions of the B
and H complexes are indicated. The peaks in fractions 25 to 30 are the void volume of the column, and the peaks in fractions 60 to 80 are

degraded RNA.

shown). These results indicate that there are sequence-
dependent interactions between RNA and hnRNP proteins,
regardless of whether the RNA is a splicing substrate.
Not unexpectedly, even greater differences in protein

composition could be seen with H complexes assembled on
short RNAs (-100 to 150 nt). Figure 6 shows two-dimen-
sional gel analysis of H complexes assembled on Ad5' (- 128
nt) and Ad3' (-108 nt), RNAs derived from the 5' and 3'
portions of AdML pre-mRNA, respectively. While hnRNP
A, B, C, and K proteins are virtually absent in the Ad5' H
complex, Ad3' binds most of the proteins present in the
AdML H complex (compare Fig. 5B and 6). An even more

dramatic example of sequence dependence in hnRNP bind-
ing was observed for the H complex assembled on B3P3, a

135-nt pyrimidine-rich RNA consisting of the 3' portion of
the a-tropomyosin intron (35). SDS-gel analysis of H com-
plex assembled on B3P3 shows one predominant group of
proteins (Fig. 7A, marked with a bracket and labeled I).
Analysis of the B3P3 H complex by two-dimensional elec-
trophoresis shows that these proteins are hnRNP I (Fig. 7B;
compare with the hnRNP particles in Fig. 2B and 5B). Thus,
hnRNP I appears to bind preferentially to pyrimidine-rich
sequences (hnRNP I corresponds to a previously character-
ized polypyrimidine tract-binding protein designated PTB
(see Discussion) (18, 35). However, binding of hnRNP I is
not restricted to the polypyrimidine tract at the 3' end of
introns, as hnRNP I is also one of the most abundant protein
components of the H complex assembled on Ad5' (Fig. 6).
Similar studies showed that hnRNP A, C, and D also bind
preferentially to RNA fragments derived from the 3' end of
introns (45). Thus, these observations indicate that several
different hnRNP proteins interact with the 3' splice site,
raising the possibility that these proteins could play a role in
the efficiency of splicing or in splice-site selection.

DISCUSSION

We show here that the first complex that assembles on

pre-mRNAs during the in vitro splicing reaction consists of
previously described hnRNP proteins, the same class of
abundant nuclear RNA-binding proteins that bind nascent
pre-mRNAs in vivo. Thus, these studies establish a parallel
between the initial events of nuclear pre-mRNA metabolism
in vivo and in vitro. In both cases, the substrate for subse-
quent RNA processing events appears to be an hnRNP

particle, in which the pre-mRNA is bound to a specific set of
hnRNP proteins. At least 20 distinct hnRNP proteins, rang-

ing in molecular size from 30 to 120 kDa, have been
identified and characterized as stable components of total
hnRNP complexes isolated from mammalian nuclei (36).
This may be a low estimate, as detailed analysis of purified
hnRNP complexes by two-dimensional gel electrophoresis
revealed multiple additional forms of most of these proteins
(36). Surprisingly, the hnRNP complex assembled during the
in vitro splicing reaction, designated H complex, contains
little other than these known hnRNP proteins.

In the nuclear extract, H complex assembly is followed by
the stepwise formation of four distinct splicing complexes:
two prespliceosome complexes (E and A) and two spliceo-
some complexes (B and C). It is not known whether a similar
stepwise pathway occurs in vivo. The prespliceosome and
spliceosome complexes have each been isolated from the in
vitro splicing reaction and chased into spliced products by
complementation assays (1, 30, 39). In contrast, H complex
was not found to be a functional intermediate by these
assays (30). However, the observation that all of the pre-
mRNA added to the nuclear extract assembles into H
complex prior to the detection of any of the functional
intermediate complexes indicates that the pre-mRNA
present in H complex is the substrate for the splicing
reaction (30). Indeed, many of the proteins present in
affinity-purified E, A, B, and C complexes are hnRNP
proteins that are also found in H complex (la, 38). Thus, H
complex may not disassemble completely prior to spliceo-
some formation but instead may serve as the substrate for
assembly of prespliceosome complexes. These observations
suggest that, although H complex assembly may not be an

obligatory step in the splicing reaction, the hnRNP proteins
present in this complex could affect the efficiency of the
splicing reaction and/or splice-site selection. It is, therefore,
essential to understand the structure and composition of the
hnRNP complex and to understand how the pre-mRNA is
organized within these complexes.
H complex assembly in vitro occurs as efficiently on

RNAs lacking splice sites as on functional pre-mRNAs (23,
38). This observation is consistent with the fact that hnRNP
proteins bind readily to a variety of single-stranded nucleic
acids (11, 36). However, despite the observation that the
hnRNP proteins (hnRNP A to U) are general RNA-binding
proteins, distinct binding preferences for particular se-

Ad
8000

6000-
Ea.
4000 -

2000-

VOL. 12, 1992



3172 BENNETT ET AL.

A

AdML
spliceosome H complex

heparin I IAd
mg/ml 1 .5 0 Ad Ad~~_

205- *| t-

:4 4 .7

116- a.-m "--i120

97-

66-

41Uw -68

43-

1 2 3 4 5 6

FIG. 5. Analysis of protein composition of H and B complexes. (A) Affinity-purified splicing complexes were fractionated on an SDS-9%
polyacrylamide gel. The sizes (in thousands) of the molecular weight standards are shown to the left of the gel, and the A, B, C, 120-, and
68-kDa hnRNP proteins are indicated to the right. Spliceosomes (B complex) assembled on AdML pre-mRNA were fractionated by gel
filtration and then either treated with 1 (lane 1), 0.5 (lane 2), or 0 (lane 3) mg of heparin per ml prior to affinity purification. These treatments
did not significantly affect the protein composition of the spliceosome (compare lanes 1 to 3; note that all of the proteins bands are relatively
fainter in lane 3 because less total protein was loaded in this lane). H complexes assembled on AdML (lane 4), a-AdML (lane 5), or ,-globin
(lane 6) RNAs were fractionated by gel filtration and then affinity purified under standard conditions. (B) Affinity-purified H complex
assembled on AdML pre-mRNA was fractionated by two-dimensional nonequilibrium gel electrophoresis. The first dimension was
nonequilibrium isoelectric focusing, and the second dimension was SDS-12.5% polyacrylamide. The designations of the hnRNP proteins are
according to Piniol-Roma et al. (36). The arrowhead indicates avidin, which is released from the avidin-agarose during affinity purification.

quences have been observed for some of the proteins (45,
46). For example, hnRNP proteins A, C, and D bind avidly
to sequences near the 3' splice site of the intron, and
mutations in these sequences reduce their binding at these
sites (6, 45). Similarly, hnRNP I (which is the same as PTB;
see below) interacts with the pyrimidine tract at the 3' splice
site, and these interactions are dependent upon the presence
of a minimal number of pyrimidine residues (17, 35). Addi-
tional evidence that hnRNP proteins have distinct binding

preferences comes from the observation that hnRNP pro-
teins bind differentially to different ribohomopolymers (46).
Finally, examination of the distribution of hnRNP L protein
in amphibian oocyte lampbrush chromosomes showed that,
while L binds most nascent transcripts, it is preferentially
enriched in the C-rich transcripts generated at the giant loops
(22, 37).

In the studies described here, we compared the protein
composition of hnRNP complexes that assembled on indi-
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FIG. 6. Two-dimensional gel analysis of H complexes assembled on short RNAs. Affinity-purified H complexes assembled on Ad5' and
Ad3' RNAs were fractionated by two-dimensional nonequilibrium gel electrophoresis as described in the legend to Fig. 5B. The designations
of the hnRNP proteins are according to Pifiol-Roma et al (36). The arrowhead indicates avidin, which was released from the avidin-agarose
during affinity purification.

vidual RNAs which resemble natural pre-mRNAs. These
studies showed that pre-mRNAs are bound with hnRNP
proteins in a transcript-dependent manner. Specifically, we
observed that different subsets of hnRNP proteins bind to
different RNAs. In most cases, the differences were quanti-
tative. For example, significant differences in the levels of
hnRNP A, B, C, I, and L proteins were readily apparent in
comparisons of H complexes assembled on three functional
splicing substrates, AdML, a-tropomyosin, and 0-globin
pre-mRNAs. These differences in composition between H
complexes assembled on different RNAs cannot be ex-

plained on the basis of RNA size because very different
patterns of hnRNP proteins were observed on RNAs of the
same size. Transcript-dependent binding was observed for
all RNAs examined, regardless of the presence of splice
sites. We conclude that the set of hnRNP proteins that bind
to a particular RNA is determined by the sequence and/or
structure of that RNA. These studies, together with previous
work (45, 46), argue against the proposal that nascent RNA
is simply packaged nonspecifically by hnRNP proteins into a

repeating regular array of hnRNP particles, or ribonucleo-
somes, similar to the sequence-independent packaging of
DNA in nucleosomes (10, 11).
We also observed significant qualitative differences in

hnRNP binding to short RNAs (100 to 200 nt), presumably
because smaller RNAs bind relatively fewer total hnRNP
proteins. The most dramatic example of sequence specificity

of hnRNP protein binding was observed for an RNA derived
from the 3' portion of the a-tropomyosin intron (B3P3
RNA). This 135-nt RNA, which contains a 65-nt pyrimidine-
rich region (46% C, 49% U), efficiently binds hnRNP I but
shows only very low or undetectable levels of binding to the
other hnRNP proteins. Surprisingly, we discovered, initially
by comparisons with two-dimensional gels and subsequently
by comparing protein sequences (17a, 18, 35), that hnRNP I
is the same as the previously characterized polypyrimidine
tract-binding protein (PTB) (17, 18, 35). This protein was

shown to be a spliceosome component that interacts with the
pyrimidine tract at the 3' splice site of AdML (17) and
a-tropomyosin (35) pre-mRNAs.
Although hnRNP I, A, C and D proteins interact avidly

and preferentially with RNA segments derived from the 3'
splice site, this sequence element is not the exclusive binding
site for these proteins. For example, our studies indicate that
hnRNP I also binds to the 5' portion of AdML pre-mRNA.
This portion of the RNA contains a pyrimidine-rich se-

quence (CCCCgTTCgTCCTCaCTCTCTTCC) consistent
with the observed binding preference of hnRNP I/PTB (17,
35, this study). Similarly, our data show that hnRNP A, C,
and D bind with sequence preference to different RNAs,
whether or not they contain a 3' splice site. Thus, we
conclude that the 3' splice site is only a subset of the specific
binding sites in the RNA for hnRNP I, A, C, and D.
Similarly, our data show that many of the other hnRNP

C. %_4

,..
.

._.
AlB

VOL. 12, 1992

I
_-

0
I

.4

f

*I i -

I



3174 BENNETT ET AL.

B3P3

117- 76

97-

66-

it"

.i

. ...

..1
1.

:..

43-

FIG. 7. hnRNP I/PTB is the predominant protein present in H
complex assembled on the pyrimidine-rich RNA, B3P3. Affinity-
purified H complex assembled on B3P3 RNA was fractionated on an

SDS-9% polyacrylamide gel or by two-dimensional nonequilibrium
gel electrophoresis as described in the legend to Fig. SB. The
designations of the hnRNP proteins are according to Pifiol-Roma et
al. (36).

proteins bind RNA with sequence preference. The binding
sites may or may not include splicing signals, depending on
the sequence preferences of the various hnRNP proteins.

Several essential splicing factors also interact in a se-
quence-dependent manner with the pre-mRNA. Ul snRNP
interacts directly with the 5' splice site (41, 43, 49) and either
indirectly or directly with the 3' splice site (16, 30a), while
U2 snRNP and U2AF interact with the 3' region of the intron
(34, 47, 48, 50). In contrast to these splicing components,
there is as yet no direct evidence that any of the hnRNP
proteins are essential general splicing factors. However,
hnRNP C and I (9, 18, 35, 38a) as well as many of the other
hnRNP proteins (38a) are present in the spliceosome. This
observation, coupled with the fact that the hnRNP proteins
bind RNA in a sequence-dependent manner, raises the
possibility that these proteins affect the splicing reaction.
For example, hnRNP A, C, D, and I interact with the 3'
splice site, suggesting that these proteins could facilitate or
inhibit binding of essential splicing factors.

It is also possible that hnRNP proteins play a role in splice
site selection. In particular, the sequence-dependent binding
of hnRNP proteins to pre-mRNA could be involved in the
mechanism by which cryptic and normal splice sites are

distinguished from one another and in the mechanism for
determining splice site use in pre-mRNAs containing multi-
ple alternatively or constituitively spliced introns. For ex-

ample, the pre-mRNA may be bound by hnRNP proteins in
such a way that functional and cryptic splice sites are either
more or less accessible to splicing factors. Differential bind-
ing of hnRNP proteins to RNA could also affect the assem-

bly of a functional spliceosome after the initial splicing
factors have bound to the splice sites. Previous studies have
shown that exon sequences determine whether a nearby
splice site will be used efficiently (40). One possibility raised
by our study is that the mechanism by which exon sequences
affect splice site use is by the selective binding of hnRNP
proteins. Thus, sequence-dependent binding of pre-mRNA
by hnRNP proteins and/or direct effects of particular hnRNP
proteins may play a role in the mechanism of splicing.
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