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The functional coupling of transcription and splicing has

been reported both in vivo and in vitro, but the molecular

mechanisms governing these interactions remain largely

unknown. Here we show that p54nrb, a transcription/

splicing factor, associates with the 50 splice site (SS) within

large complexes present in HeLa cell nuclear extracts, in

which the hyperphosphorylated form of RNA polymerase

II (RNAPIIO) is associated with U1 or U1 and U2 snRNPs.

These RNAPIIO–snRNP complexes also contain other tran-

scription/splicing factors, such as PSF and TLS, as well as

transcription factors that interact with RNAPIIO during

elongation, including P-TEFb, TAT-SF1 and TFIIF. The

presence of these factors in functional elongation com-

plexes, demonstrated using an immobilized DNA template

assay, strongly suggests that the RNAPIIO–snRNP com-

plexes reflect physiologically relevant interactions be-

tween the transcription and splicing machineries. Our

finding that both p54nrb and PSF, which bind the

C-terminal domain of the largest subunit of RNAPII, can

interact directly with the 50 SS indicates that these factors

may mediate contacts between RNAPII and snRNPs during

the coupled transcription/splicing process.
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Introduction

Splicing of mRNA precursors is an important step in eukar-

yotic gene expression, in which introns are removed from

primary RNA polymerase II (RNAPII) transcripts. The major-

ity of metazoan genes are interrupted by multiple introns,

which comprise more than 95% of primary transcripts. Pre-

mRNA splicing is executed by the spliceosome, whose as-

sembly requires a complex series of binding and rearrange-

ment events involving small nuclear ribonucleoprotein

particles (snRNPs) (reviewed in Staley and Guthrie, 1998;

Burge et al, 1999). In the first step of this assembly pathway,

U1 snRNP binds the 50 splice site (SS), in part due to the

complementarity of the 50 end of U1 snRNA to the 50SS. Next,

U2 snRNP binds to the branch site upstream of the 30SS,

generating pre-spliceosome complex A, which is subse-

quently converted into complex B upon joining of the U4/

5/6 tri-snRNP. Additional rearrangements, involving signifi-

cant changes in RNA:RNA interactions, yield the catalytically

competent complex C, currently estimated to include five

snRNAs and B150–300 proteins (Makarov et al, 2002;

Rappsilber et al, 2002; Zhou et al, 2002). The early steps of

spliceosome assembly can be bypassed in a simplified trans-

splicing system, in which a DNA oligonucleotide complemen-

tary to the 50 end of U1 snRNA (U1-blocking DNA) is used

to block binding of a short 50SS RNA substrate to U1 and

promote its interaction with U4/5/6 snRNP and U2/4/5/6

splicing complexes (Konforti et al, 1993; Konforti and

Konarska, 1994).

Early biochemical and cytological studies indicated that

splicing can occur co-transcriptionally (Beyer and Osheim,

1988; Bauren and Wieslander, 1994) and that splicing factors

are recruited to active transcription sites (Huang and Spector,

1991; Zhang et al, 1994). Subsequent functional studies

showed that the identity of the RNAPII promoter affects

splicing patterns of the nascent transcript (Cramer et al,

1997, 1999), further connecting transcription and splicing.

Reciprocally, splicing appears to stimulate transcription, as

both splicing factors (Fong and Zhou, 2001) and splicing

signals (Furger et al, 2002) can enhance gene transcription.

The C-terminal domain (CTD) of the largest subunit of

RNAPII appears to provide a platform on which to link

physically transcription to splicing and other gene expression

steps, such as capping, polyadenylation and termination of

transcription (reviewed in Hirose and Manley, 2000; Bentley,

2002; Proudfoot et al, 2002). The mammalian RNAPII CTD is

composed of 52 tandem repeats of the YSPTSPS consensus

peptide (Corden et al, 1985). Phosphorylation of Ser2 and/or

Ser5 of this heptapeptide is a key event during the transcrip-

tion cycle, with the hypophosphorylated form of RNAPII

(RNAPIIA) being found in pre-initiation complexes and the

hyperphosphorylated form (RNAPIIO) in elongation com-

plexes (ECs). Several studies have reported the association

of RNAPIIO with snRNP particles (Mortillaro et al, 1996;

Vincent et al, 1996; Kim et al, 1997), as well as the direct

interaction of the CTD with some splicing factors (Morris and

Greenleaf, 2000; Emili et al, 2002). Yet, the functional speci-

ficity of these interactions has not been demonstrated.

Moreover, both RNAPIIO (Hirose et al, 1999) or the CTD

alone (Zeng and Berget, 2000) can enhance splicing, but the

mechanisms underlying this stimulation are not known.

Polypyrimidine tract-binding protein (PTB)-associated

splicing factor (PSF) and p54nrb are two closely related

human nuclear proteins implicated in transcription and spli-

cing, whose specific functions remain unclear. Several studies

indicate that both factors are involved in transcriptional

control (Basu et al, 1997; Urban et al, 2000; Mathur et al,
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2001). However, while PSF has been shown to be essential for

splicing in vitro (Patton et al, 1993), the direct involvement of

p54nrb in pre-mRNA splicing has not been demonstrated.

These multifunctional proteins have also been implicated in

RNA editing and DNA recombination (reviewed in Shav-Tal

and Zipori, 2002). Importantly, PSF and p54nrb were recently

shown to interact with each other (Peng et al, 2002) and with

the CTD (Emili et al, 2002).

Using protein–RNA crosslinking assays, we have identified

a direct interaction between p54nrb and the 50SS. The cross-

link resides within large complexes, which contain RNAPII

and snRNPs and are present in HeLa cell nuclear extracts

(NE) independently of the ongoing transcription or splicing.

One of these complexes contains RNAPIIO and U1 snRNP,

while another additionally includes U2 snRNP. Besides

p54nrb, both RNAPII–snRNP complexes contain other tran-

scription/splicing factors (e.g. PSF and TLS), as well as those

typically found in RNAPII ECs (e.g. P-TEFb and TAT-SF1).

These factors are also present in functional ECs isolated using

an immobilized DNA template assay, strongly suggesting that

the analyzed complexes reflect physiologically relevant inter-

actions between the transcription and splicing machineries.

Furthermore, we confirmed the previously observed cross-

linking of PSF to the 50SS within the U2/4/5/6 spliceosome

formed in the absence of ATP (Ismaili et al, 2001) and show

that this complex also associates with RNAPIIO. The ob-

served direct association of p54nrb and PSF with the 50SS

within snRNP complexes suggests their direct role in linking

transcription to splicing.

Results

Crosslinking patterns of 50SS RNA associated with U1

snRNP

To detect spliceosomal components interacting with the 50SS,

we previously analyzed crosslinking profiles of site-specifi-

cally modified, photoreactive 50SS substrates (Ismaili et al,

2001). In the presence of U1-blocking DNA, the 50SS RNA

associates with U2, U4, U5 and U6 snRNPs (Konforti et al,

1993, and Figure 3A, lanes 1 and 2) and forms specific

crosslinks with one of two splicing factors: PSF in the absence

of ATP or hPrp28 in its presence (Ismaili et al, 2001, and

Figure 1B, lanes 1 and 2).

Here, we have used an analogous approach to analyze 50SS

interactions in the U1 snRNP complex. A 14-nt synthetic 50SS

RNA containing a 32P group between intron pos. þ 6 and þ 7

and a photoreactive benzophenone (BP) group between

intron pos. þ 7 and þ 8 (Figure 1A) was incubated with

HeLa NE in the absence of U1-blocking DNA and irradiated

with 302-nm UV light. Under these conditions, the BP-50SS

RNA stably binds U1 snRNP in an ATP-independent manner

(confirmed by native gel analysis; see Figure 3A, lanes 3–5).

This binding yields a 50SS:U1 snRNA crosslink (Figure 1B,

lanes 3 and 4) identified by its sensitivity to RNase H

digestion in the presence of U1-specific DNA oligos (data

not shown). In addition, two major protein crosslinks, p18

and a 54/56-kDa doublet, were detected in these reactions

(the sizes of all crosslinked proteins were corrected for the

contribution of the RNA component). Consistent with their

association with U1 snRNP, these two crosslinks were pre-

cipitated by a-U1A antibodies under native conditions (see

Figure 2B, lane 6). The observed interactions are specific to

the 50SS, as the crosslinks were not detected using 50SS RNAs

with single point mutations at either intron pos. þ 1 or þ 2

(Figure 1C).

Among the known U1 snRNP proteins, only U1C (17.5 kDa)

and SmD (D1–13.5, D2–13.9 and D3–13.4 kDa) fall in the

18 kDa size range. p18 appears to represent one of the SmD

proteins, as the 50SS:p18 crosslink was efficiently recognized

by the a-Sm antibody Y12 under denaturing conditions

(Figure 1D). In yeast, the charged C-terminal tails of SmB,

SmD1 and SmD3 directly contact the 50SS bound to U1 snRNP,

possibly stabilizing snRNP:intron interactions within the com-

mitment complex (Zhang et al, 2001). This suggests that

contacts between the 50SS and Sm proteins within U1

snRNP are conserved between yeast and metazoans.

Thus, crosslinking analysis using a photoreactive 50SS

RNA bound to U1 snRNP revealed the formation of two

Figure 1 Crosslinking profile of the BP-derivatized 50SS RNA. (A) Structure of the 32P-labeled, BP-derivatized 14-nt 50SS RNA. (B) The 50SS
RNA was incubated with HeLa NE in the absence (lanes 1, 3) or presence (lanes 2, 4) of ATP and in the presence (lanes 1, 2) or absence (lanes
3, 4) of U1-blocking DNA. (C) Wild-type 50SS RNA (WT) or 50SS RNAs with single point mutations at intron pos. þ 1 or þ 2 was incubated with
HeLa NE in the absence of ATP or U1-blocking DNA. (D) The 50SS crosslinks were immunoprecipitated under denaturing conditions with a-Sm
(Y12) antibodies. Crosslinked products were resolved in 11% SDS gels. Positions of the molecular weight markers and the 50SS crosslinks are
indicated.
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products (50SS:U1 snRNA and 50SS:SmD) expected of U1

snRNP interactions and a 54/56 kDa doublet crosslink of

unknown origin.

The p54/56 crosslinked to the 50SS represents p54nrb,

a transcription/splicing factor

There are no known U1 snRNP proteins in the 55 kDa size

range, suggesting that the p54/56 crosslink represents a novel

protein associated with this particle. The p54/56 doublet

represents two differentially modified forms of a single

protein, as digestion of the individually purified bands with

several proteases yielded identical peptide patterns (data not

shown). In addition, phosphatase treatment of the crosslink

doublet generated a single product of B54 kDa (Figure 2A,

lane 3), indicating that the two forms of the doublet differ in

their phosphorylation state.

In an attempt to identify p54, we carried out immunopre-

cipitations under denaturing conditions using a battery of

antibodies against selected splicing factors. To disrupt snRNP

integrity, crosslinking reactions were first treated with RNase

A, yielding faster migrating products due to the removal of

eight 50-terminal nucleotides of the 50SS RNA in the crosslink

(Figure 2A). Under these conditions, the a-SR antibody 16H3

immunoprecipitated the 50SS:p54/56 doublet, but not the

50SS:SmD crosslink (Figure 2B, lane 2). In contrast, antibo-

dies against PTB (Figure 2B, lane 3), SF1, SRp54, U2AF65,

hUAP56 or the 60K subunit of U2-SF3a (data not shown) did

not recognize the 50SS:p54/56 crosslink. Similarly, an a-U1A

antibody, which efficiently precipitated both crosslinks under

native conditions (Figure 2B, lane 6), failed to recognize them

after the RNase A treatment (Figure 2B, lane 4), confirming

that U1 snRNP was largely disrupted under these conditions.

To identify p54/56, complexes from a large-scale cross-

linking reaction were RNase-digested and resolved by two-

dimensional SDS gel electrophoresis. Positions of the labeled

crosslinks were visualized by autoradiography and super-

imposed with signals of Western blot analysis using the

a-SR antibody that immunoprecipitated the crosslink and

the protein pattern detected by Coomassie staining (data

not shown). Microsequencing analysis of the B54-kDa pro-

tein detected by these three methods yielded three peptide

sequences (VELDNMPLRGK, LVIK and QQQDQVDRNIK)

identified as fragments of p54nrb (Figure 2D), a protein

originally identified due to its crossreactivity with an anti-

body raised against the yeast splicing factor Prp18 (Dong et al,

1993). p54nrb shows no significant homology to yPrp18, but

is instead closely related to human splicing factor PSF, with

which it shares a region of high similarity (Figure 2D).

Analysis of the p54nrb primary sequence reveals an N-term-

inal P/Q-rich segment, followed by two RNA recognition

motifs (RRMs) (Figure 2D). Although p54nrb does not contain

RS repeats, it must contain SR-like epitopes, as both the

50SS:p54nrb crosslink (Figure 2B, lane 2) and recombinant,

bacterially expressed p54nrb (data not shown) were recog-

nized by a-SR antibodies. Finally, crosslink identity was

confirmed by specific precipitation of the 50SS:p54nrb cross-

link from a mixture of SDS gel-purified p54/56 and hPrp28

crosslinks using a-p54nrb antibody (Figure 2C). Preliminary

characterization of the crosslink (data not shown) mapped

its site within p54nrb to a 36-aa segment (aa 18–53) in the

N-terminal region of the protein (Figure 2D).

We have therefore identified the p54/56 doublet as the

transcription/splicing factor p54nrb, which crosslinks to the

50SS via its N-terminal region. This protein shows significant

Figure 2 The 50SS:p54/56 crosslink corresponds to p54nrb. (A) The 50SS:p54/56 crosslinks were treated with RNase A (lane 2) or RNase A and
phosphatase (CIP) (lane 3) and resolved in an 8% SDS gel. (B) The 50SS crosslinks were immunoprecipitated under denaturing (lanes 1–4) or
native (lanes 5 and 6) conditions using the indicated antibodies and resolved in an 11% SDS gel. (C) The 50SS:p54nrb and 50SS:hPrp28 crosslinks
were purified from an SDS gel, mixed (lane 1), immunoprecipitated with pre-immune serum (lane 2) or the indicated antibodies (lanes 3 and 4)
and resolved in an 8% SDS gel. (D) Diagram of the human PSF and p54nrb sequences. The two RRMs, the proline/glutamine-rich regions (PQ),
the 293-aa internal region of high similarity between p54nrb and PSF, the sequences of three Lys-C peptides and the mapped region of the 50SS
crosslink within p54nrb (aa 18–53) are indicated.
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homology with the splicing factor PSF, which also crosslinks

to the 50SS but within the U2/4/5/6 spliceosome complex

formed in the absence of ATP.

The 50SS:p54nrb crosslink resides in large complexes

containing U1 and U2 snRNP particles

Crosslinking of p54nrb to the 50SS RNA does not require ATP

and is inhibited by blocking the 50 end of U1 snRNA with a

complementary DNA (Figure 1B) but not by equivalent

amounts of other oligos (data not shown), suggesting an

association dependent on binding of the 50SS by U1 snRNP.

To better characterize snRNP complexes associated with the

50SS, crosslinking reactions were resolved in a native poly-

acrylamide gel (Figure 3A, lanes 1–4). As we have shown

before (Konforti and Konarska, 1994), in the presence of U1-

blocking DNA the 50SS RNA associates with U2/4/5/6 and

U4/5/6 snRNP complexes (Figure 3A, lanes 1 and 2), whereas

in the absence of U1-blocking DNA it forms a characteristic,

abundant complex with U1 snRNP (Konforti et al, 1993). In

addition, two slowly migrating complexes, X1 and X2, were

detected under these conditions (Figure 3A, lanes 3 and 4).

The superimposable signals generated in reactions containing

labeled 50SS RNA and by Northern analysis of endogenous

NE complexes using a U1 snRNA-specific probe (Figure 3A,

lanes 3–5) suggested that both X1 and X2 contain U1 snRNP.

This was confirmed by immunoprecipitation of glycerol

gradient fractions (see below). While U4, U5 or U6 snRNA-

specific signals were not detected in either X1 or X2

(Figure 3A, lanes 4 and 7), the most slowly migrating form

of U2 snRNP and X2 exhibited similar mobility in the gel

(Figure 3A, lanes 4 and 6, and data not shown). The forma-

tion of X2 requires incubation at 301C, whereas X1 forms

even on ice (data not shown). Moreover, X2 formation

requires ATP, whereas the formation of X1 does not

(Figure 3A, lanes 3 and 4). These features resemble require-

ments for the formation of splicing complexes involving U1

and U2 snRNPs.

The distribution of the 50SS:p54nrb crosslink in these

complexes was analyzed by resolving crosslinking reactions

in a native gel in the first dimension and in an SDS gel in the

second (Figure 3B). The 50SS:p54nrb crosslink was detected

exclusively in X1 and X2, but not in the most abundant

50SS:U1 snRNP complex. In contrast, both the 50SS:U1

snRNA and SmD crosslinks were present in all complexes,

further confirming that they all contain U1 snRNP.

To better characterize these large complexes, X1 and X2

were separated by sedimentation through a 10–30% glycerol

gradient (Figure 4A and B). Gradient fractions containing X1

(fraction 4) and X2 (fraction 7) were subjected to immuno-

precipitation under native conditions using selected snRNP-

specific antibodies (Figure 4C). As a control of their function-

ality, all antibodies were confirmed to precipitate the targeted

protein, as shown by Western analysis of material immuno-

Figure 4 X1 and X2 complexes can be separated in a glycerol gradient. A 150-ml crosslinking reaction performed in the presence of ATP and
absence of U1-blocking DNA was separated in a 10–30% glycerol gradient. In all, 10ml of each fraction was resolved in either a 4% native gel
(A) or an 11% SDS gel (B). (C) Fractions 4 and 7 of the glycerol gradient were immunoprecipitated under native conditions using the indicated
antibodies, and the bound material was resolved in an 11% SDS gel. The identity of the B70 kDa signal generated with the a-TLS antibody
(lane 21) has not been determined. Positions of the 50SS crosslinks are indicated.

Figure 3 The 50SS:p54nrb crosslink exists exclusively in large com-
plexes containing U1 snRNP. (A) Standard binding reactions in the
presence (lanes 1–4) or absence (lanes 5–7) of the 50SS RNA, in the
absence (lanes 1,3) or presence (lanes 2,4–7) of ATP and in the
presence (lanes 1,2) or absence (lanes 3–7) of U1-blocking DNA
were resolved in a native 4% gel. snRNP complexes were detected
by autoradiography (lanes 1–4) or Northern hybridization with U1,
U2 or U4 probes (lanes 5–7). Positions of complexes are indicated.
(B) The 50SS crosslinks were resolved in a native 4% gel in the first
dimension and in an 11% SDS gel in the second. Positions of the free
50SS and the crosslinks are indicated.
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precipitated from crosslinking reactions (data not shown).

Anti-U1 70K antibody precipitated the 50SS:p54nrb, SmD

and U1 snRNA crosslinks from both fractions (Figure 4C,

lanes 3 and 4), confirming that both X1 and X2 contain

U1 snRNP. In contrast, the two U2 snRNP-specific

proteins U2B00 and SAP155 (an SF3b component) were de-

tected predominantly in fraction 7 (Figure 4C, lanes 5–8). We

therefore conclude that X1 contains U1 snRNP, whereas X2

contains both U1 and U2 snRNPs. Consistent with this,

hPrp5, FBP11 and FBP21 were found in both these complexes

(Figure 4C, lanes 9–14). The higher level of these factors

associated with X2 is consistent with their role in the U1–U2

snRNP interaction during pre-spliceosome assembly. X1 and

X2 complexes do not appear to be associated with U4, U5 or

U6 snRNPs, as a-U5-116K and a-hPrp4 antibodies (specific for

components of U5 and U4/6 snRNPs, respectively) did

not efficiently recognize any of the crosslinks (Figure 4C,

lanes 15–18).

The splicing factor PSF was originally isolated in a

stable interaction with PTB (Patton et al, 1993). Anti-PSF,

but not a-PTB (data not shown), antibodies precipitated the

U1 snRNA, p54nrb and SmD crosslinks from the gradient-

separated X1 and X2 (Figure 4C, lanes 19 and 20), indicating

that PSF is present in both complexes. X1 and X2 were also

recognized by an antibody raised against TLS (Figure 4C,

lanes 21 and 22), another transcription/splicing factor. As

expected, a-SR antibodies precipitated the crosslinks from

both fractions 4 and 7 (data not shown), possibly reflecting

the reactivity of U1-70K, p54nrb or SR proteins associated with

X1 and X2.

In summary, we have identified two large complexes,

X1 and X2, within which the 50SS crosslinks to p54nrb.

Immunoprecipitation experiments using snRNP-specific anti-

bodies show that both complexes contain U1 snRNP, whereas

X2 also contains U2 snRNP. In addition to p54nrb, both X1 and

X2 contain other transcription/splicing factors, such as PSF

and TLS.

The 5 0SS:p54nrb-containing snRNP complexes are

associated with RNAPIIO and transcription factors

The electrophoretic and sedimentation properties of X1 and

X2 indicated high molecular weight of these complexes

(Figures 3A and 4A). Furthermore, the presence of PSF,

p54nrb and TLS proteins, all of which can act as transcription

factors and bind to both RNA and DNA, suggested a connec-

tion between X1, X2 and transcription. To test this possibility,

immunoprecipitation of crosslinking reactions was carried

out using several antibodies against RNAPII specific for the

N-terminal segment (N-20) or the CTD (8WG16 recognizes

the hypophosphorylated form, whereas H5 and H14 recog-

nize the Ser2- and Ser5-phosphorylated forms, respectively).

The N-20, H5 and H14 antibodies all precipitated the p54nrb,

SmD and U1 snRNA crosslinks (Figure 5A, lanes 3, 5 and 6),

indicating the presence of RNAPIIO. Similar experiments

using gradient-separated X1 and X2 confirmed that both

complexes are associated with RNAPIIO (data not shown).

In contrast, the 8WG16 antibody did not efficiently recognize

X1 or X2 complexes (data not shown and Figure 5A, lane 4),

although it did precipitate large amounts of U1 snRNA

(Figure 5C, lane 4). Therefore, hypophosphorylated

RNAPIIA can bind both p54nrb (Emili et al, 2002) and U1

snRNPs, but this association does not produce the 50SS:p54nrb

crosslink, suggesting that rearrangement of RNAPII-bound

factors takes place following CTD phosphorylation.

The preferential association with RNAPIIO is characteristic

not only of X1 and X2 but also of the spliceosome. The U2/4/

5/6 complex, formed in the presence of U1-blocking DNA and

ATP, binds RNAPIIO as evidenced by the precipitation of the

50SS:hPrp28 crosslink with a-RNAPIIO antibodies (Figure 5B).

Similarly, spliceosome complexes formed in the absence of

ATP, in which the 50SS RNA crosslinks to PSF (see Figure 1B,

lane 1), are also associated with RNAPIIO (data not shown).

These findings are consistent with earlier reports demonstrat-

ing a connection between spliceosome assembly and

RNAPIIO (Hirose et al, 1999).

Figure 5 The p54nrb crosslink in X1 and X2 complexes is associated with RNAPIIO. A crosslinking reaction performed in the presence of ATP
and in the absence (A) or presence (B) of U1-blocking DNA was immunoprecipitated under native conditions using the indicated a-RNAPII
antibodies and the bound material resolved in an 11% SDS gel. The identity of the B65 kDa signal (e.g. lane 3 in panel A) has not been
determined. (C) HeLa NE was incubated with ATP in the absence of the 50SS RNA and immunoprecipitated as in (A). The bound RNA was
analyzed by Northern hybridization with a mixture of U1, U2, U4, U5 and U6 snRNA probes. Positions of snRNAs are indicated. Although co-
migrating with U6, the signal indicated by an arrow in lane 4 represents a degradation product of U1 snRNA.
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Additional immunoprecipitation experiments demon-

strated the association of X1 and X2 with two basal transcrip-

tion factors, TFIIF and TFIIH, as indicated by the presence

of their RAP74 and p62 subunits, respectively (Figure 5A,

lanes 7 and 8). In contrast, the initiation factor TFIIB was

not detected in X1 or X2 (data not shown). Moreover, the

transcription factor Sox6 and two elongation factors, P-TEFb

(or its Cdk9 kinase subunit) and TAT-SF1, were detected in

these complexes (Figure 6, lanes 7–12).

Both X1 and X2 are therefore associated with RNAPII

preferentially in its hyperphosphorylated, elongating form.

Consistently, X1 and X2 also contain transcription elongation

factors, including P-TEFb or TAT-SF1, but lack factors typi-

cally involved only in the initiation phase of transcription,

such as TFIIB.

The RNAPIIO–snRNP complexes contain a subset

of functional EC factors

The association of X1 and X2 with RNAPIIO and multiple

transcription/splicing and elongation factors suggests that

these complexes reflect associations formed during transcrip-

tional elongation. To compare X1 and X2 with functional

complexes involved in active transcription, an immobilized

DNA template assay (Ranish et al, 1999) was used to isolate

ECs.

A biotinylated, 889-bp DNA transcription template con-

taining the adenovirus major late promoter (AdMLP) was

linked to magnetic streptavidin beads (Ad22, Figure 7A).

Negative controls included a 490-bp DNA template identical

to Ad22 but lacking the AdMLP (Ad20, Figure 7A) and

reactions without any DNA bound to beads. After incubation

of the immobilized DNA with NE to allow transcription, the

templates were washed and cleaved at a unique PvuII site

32 bp downstream of the RNAPII start site (Figure 7A). This

step liberates the formed ECs from the beads, while retaining

initiation complexes assembled on the promoter-containing

DNA fragments bound to the beads. The composition of the

released ECs was then analyzed by SDS–PAGE and Western

blotting. The Ad22 immobilized template yielded the ex-

pected 398-nt RNAPII transcript, whereas no transcript was

detected with Ad20 (see Figure 7C), indicating that the

complexes formed on the Ad22 template were active in

transcription. As PvuII digestion released similar amounts

of Ad20 and Ad22 DNA fragments (data not shown), the

absence of signal from the Ad20 control reflects the lack of EC

formation on this template.

Consistent with the formation of transcription ECs on the

Ad22 template, the N-20 antibody detected RNAPII preferen-

tially in the hyperphosphorylated form (Figure 7B).

Moreover, the transcription/splicing factors p54nrb, PSF and

TLS were detected at considerable levels. Other splicing

factors, such as the U2 snRNP-associated hPrp5 or SAP155,

were also associated with ECs formed on the Ad22, but not on

Ad20 DNA or on beads without DNA. In addition, the U5

snRNP-associated hPrp8 and the U4/6-associated hPrp4 were

detected, indicating the presence of U4, U5 and U6 snRNPs in

functional ECs. This was confirmed by Northern blot analysis

(Figure 7C), which detected all five snRNAs associated with

the Ad22 template. Other EC-associated proteins (Figure 7B)

included the transcription elongation factors TAT-SF1, P-TEFb

(i.e. its Cdk9 subunit), TFIIF (or its RAP74 subunit) and the

basal transcription factor TFIIH (detected by a-p62). In con-

trast, the initiation complex components TFIIB and TBP were

not present at detectable levels on the Ad22 template, con-

firming the capture of ECs only.

Figure 6 X1 and X2 complexes contain several transcription elon-
gation factors. A crosslinking reaction performed in the presence of
ATP was separated in a glycerol gradient, and fractions containing
X1 (fraction 4) and X2 (fraction 7) complexes were immunopreci-
pitated under native conditions using the indicated antibodies and
the bound material was resolved in an 11% SDS gel.

Figure 7 X1 and X2 complexes contain a subset of factors present
in functional transcription ECs. (A) Schematic representation of the
immobilized Ad20 and Ad22 DNA templates, showing the AdMLP,
the two leading exons of the adenovirus major late transcription
unit (black boxes), the start site for RNAPII transcription and the
unique PvuII restriction sites. (B) Western blot analysis of protein
factors bound to template fragments released from beads lacking
DNA or linked to the Ad20 or Ad22 templates using the indicated
antibodies. (C) Northern blot analysis of template fragments re-
leased from beads lacking DNA or linked to the Ad20 or Ad22
templates using probes for all the five U snRNAs and the Ad22
transcript.
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These results demonstrate that ECs formed during active

transcription contain numerous components of the splicing

machinery and multiple proteins identified within X1 and X2

complexes. The fact that X1 and X2 include a large subset of

functional EC components strongly suggests that these com-

plexes reflect physiologically relevant interactions between

the transcription and splicing machineries.

Discussion

The functional coupling of transcription and splicing, as well

as the association of RNAPII with components of the splicing

machinery, has been reported in recent years, but the detailed

mechanisms and the functional specificity underlying these

interactions remain mostly unknown. Here we report the

direct association of the 50SS with a transcription/splicing

factor, p54nrb, in the context of large RNAPII–snRNP com-

plexes. Besides the U2/4/5/6 snRNP spliceosome, at least

two distinct, specific snRNP complexes associated with

RNAPII can be identified in NE of HeLa cells. The smaller

X1 complex consists of RNAPIIO associated with U1, while

the larger X2 complex contains in addition U2 snRNP

(Figure 8). X1 and X2 represent a direct RNAPIIO–snRNP

interaction. Their components are not connected through

DNA, as X1 and X2 formation is resistant to DNase digestion

(data not shown). Moreover, the 50 end of U1 snRNA in these

complexes is available for binding the 50SS RNA, arguing

against a possible association via an RNA transcript.

The conditions required for X1 and X2 formation are

strikingly similar to those characteristic of the early steps of

spliceosome assembly in vitro. Similar to the binding of U1

snRNP to the 50SS, the formation of X1 can take place on ice

and in the absence of ATP. In contrast, the formation of X2

requires ATP and incubation at elevated temperatures, con-

ditions that are also required for binding of U2 snRNP to the

branch site in pre-mRNA. Accordingly, several factors linked

to the early steps of spliceosome assembly are associated

with X1 and X2, such as hPrp5, FBP11 and FBP21. Prp5

bridges between U1 and U2 snRNPs during pre-spliceosome

assembly (Xu et al, 2004), while both FBP11 and FBP21 are

known to interact in vitro with SF1, a protein binding the

branch site in the commitment complex (Bedford et al, 1997,

1998). FBP11 is a putative mammalian ortholog of the yeast

splicing factor Prp40, which interacts with the CTD (Morris

and Greenleaf, 2000); FBP21 associates with U2 snRNP,

splicing complex A and the U1C component of U1 snRNP

(Bedford et al, 1998). While the detailed functions of these

proteins are presently unknown, a possible network of inter-

actions could involve the CTD, Prp40/FBP11, FBP21, U1C and

SF1, linking RNAPII to the recognition of the 50SS and branch

site in its nascent transcript. Thus, X1 and X2 may resemble

exon definition complexes associated with the elongating

RNAPII.

The most abundant 50SS crosslink detected in X1 and X2

complexes has been identified as p54nrb. The mouse homolog

of p54nrb, NonO, activates transcription by binding an en-

hancer element in the intracisternal A particle (Basu et al,

1997) and induces the binding of other transcription factors

to their response elements (Yang et al, 1997). In addition to

p54nrb, the analyzed complexes contain the PSF and TLS

proteins. PSF and p54nrb are highly related (71% identity)

in the central region spanning the two RRMs and have been

shown to interact with each other (Peng et al, 2002). These

two proteins can bind both RNA and DNA (Patton et al, 1993;

Yang et al, 1993; Zhang et al, 1993; Basu et al, 1997), act as

transcriptional regulators (Basu et al, 1997; Urban et al, 2000;

Mathur et al, 2001) and interact with the RNAPII CTD (Emili

et al, 2002). Similarly, TLS binds DNA (Perrotti et al, 1998)

and RNA (Lerga et al, 2001) and associates with RNAPII

(Yang et al, 2000), snRNPs (Hackl et al, 1994) and spliceo-

somes (Calvio et al, 1995; Wu and Green, 1997).

Interestingly, these three factors, p54nrb, PSF (this work and

Ismaili et al, 2001) and TLS (Wu and Green, 1997), have been

detected in direct proximity of either the 50SS or the 30SS.

Thus, all the three proteins bind both DNA and RNA, have

been implicated in splicing and transcriptional control, inter-

act with RNAPII and can associate with snRNPs. Another

transcription factor found to be associated with X1 and X2 is

Sox6, also recently implicated in pre-mRNA splicing in vitro

(Ohe et al, 2002).

Like X1 and X2, U2/4/5/6 complexes formed in HeLa NE

in the presence of U1-blocking DNA are also associated with

RNAPIIO and contain p54nrb and PSF. In fact, not only the

spliceosomes formed in the presence of ATP (in which the

50SS RNA crosslinks to hPrp28) but also the less stable U2/4/

5/6 snRNP complexes formed in the absence of ATP (in

which the 50SS crosslinks to PSF) are preferentially associated

with RNAPIIO. Previous studies have shown that RNAPIIO

co-immunoprecipitates splicing factors and intermediates

(Mortillaro et al, 1996; Kim et al, 1997), confirming that

functional spliceosomes can interact with RNAPIIO even in

the absence of ongoing transcription. Although U1 snRNP

also binds RNAPIIA (as evidenced by efficient precipitation of

U1 snRNA with 8WG16 antibody), X1 and X2 are preferen-

tially associated with RNAPIIO. Similarly, while at least two

transcription/splicing proteins, p54nrb and PSF, associate

with both RNAPIIA and RNAPIIO, a significant rearrange-

ment of these factors must occur upon CTD phosphorylation,

allowing for crosslinking of the 50SS to p54nrb exclusively in

X1 and X2 complexes. The nature of this rearrangement is

unclear and it is not known whether phosphorylation of

proteins in addition to the CTD (e.g. p54nrb, PSF, U1–70K)

may be required. It also remains to be established whether

the described interactions of U1 snRNP, p54nrb and PSF with

RNAPIIA reflect the events at the initiation and/or early

elongation stages of transcription. Interestingly, PSF is also

present in U4/5/6 tri-snRNP (Teigelkamp et al, 1997), sug-

gesting that it may function as a recognition element for the

joining of U4/5/6 to the pre-spliceosome.

In addition to RNAPIIO, X1 and X2 also contain several

transcription factors typically found in ECs, such as P-TEFb,

TAT-SF1 and TFIIF (Figure 8). Although X1 and X2 do not

involve actively transcribing RNAPII, their composition
Figure 8 Schematic composition of X1 and X2 complexes. Relative
positions of the indicated components are arbitrary.
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suggests that they reflect natural interactions taking place

during transcription/splicing. In fact, isolation and analysis

of functional transcription ECs showed that numerous X1 and

X2 components are associated with the transcribing RNAPII.

In addition to RNAPII preferentially in the hyperphosphory-

lated form, functional ECs contain the transcription/splicing

factors, p54nrb, PSF and TLS, as well as transcription elonga-

tion factors, such as P-TEFb and TAT-SF1. As expected, TFIIB

(also absent from X1 and X2) and TBP, factors involved in the

assembly of initiation complexes, were not found in ECs.

Interestingly, the general transcription factor TFIIH was de-

tected at high levels. It has recently been shown that TFIIH

specifically associates with U1 snRNA, which in turn stimu-

lates the rate of initiation of RNAPII (Kwek et al, 2002). This

finding suggests a link between the initiation of transcription

and mRNA splicing. In this context, it is interesting that we

find U1 snRNP bound both to RNAPIIO in X1 and X2

complexes and to RNAPIIA. Also detectable in functional

ECs were many snRNP-associated splicing factors, including

those associated with U4/5/6 snRNPs, which are not X1 or X2

components. Accordingly, all the five snRNAs were also

detected bound to the transcription template. Thus, the ECs

isolated here include all the five snRNPs, pointing to the

assembly of the entire spliceosome on the elongating

RNAPIIO. Nevertheless, the fact that X1 and X2 contain a

large subset of EC components strongly suggests that they

include interactions present in functional transcription/spli-

cing complexes.

Recently, p54nrb, PSF and matrin3 were found to bind

inosine-containing RNAs specifically (Zhang and

Carmichael, 2001). Like p54nrb and PSF, matrin 3 also con-

tains two tandem RRMs and can regulate transcription

(Hibino et al, 2000). Together, these observations suggest a

model in which transcription/splicing factors like p54nrb, PSF,

TLS, matrin 3, and, probably many others, participate in a

complex structure, in the context of which the individual

processes of gene expression—transcription, capping, edit-

ing, splicing, polyadenylation and possibly transport—are

organized. Both PSF and p54nrb bind to the RNAPII CTD

(Emili et al, 2002 and our data not shown). Our finding that

these proteins can also directly interact with the 50SS asso-

ciated with RNAPII–snRNP complexes indicates that they

may mediate contacts between the transcription and splicing

machineries, perhaps forming a platform for post-transcrip-

tional RNA processing.

Materials and methods

Antibodies
Several of the antibodies used were generously provided by M
Bedford (a-FBP11, a-FBP21), R Burgess (8WG16), A Krainer (a-
p54nrb used in Figure 2C), R Lührmann (a-U1-70k (H111), a-U5-
116k, a-hPrp4), C Lutz (a-U1A), J Patton (a-PSF, a-PTB), C Query
(a-hPrp5), R Reed (a-SAP155), R Roeder (a-TFIIB, a-p62), D Ron (a-
TLS), M Roth (16H3) and W VanVenrooij (a-U2-B00).

The H5 and H14 antibodies were from Covance, a-TAT-SF1 from
BD Biosciences, a-Sm (Y12) from Lab Vision and a-RNAPII (N-20),
a-RAP74, a-Cdk9 and a-Sox6 from Santa Cruz Biotechnology.
The a-p54nrb rabbit antibody used in Figure 7B was raised at
Genemed Synthesis against the N-terminal (aa 1–15) peptide
(QSNKTFNLEKQNHTP) of p54nrb. Rabbit a-hPrp28 antibody was
generated at Covance against bacterially expressed hPrp28.

Binding reactions and UV crosslinking
A standard binding reaction (10ml) contained 4 ml (B10 mg protein)
of a HeLa NE (Dignam et al, 1983), 2 mM Mg acetate, 20 mM KCl,
1 mM ATP and 5 mM creatine phosphate. To block the 50 end of U1
snRNA, the U1-blocking DNA oligonucleotide (50 ng/ml, 50-CAGG-
TAAGTAT-30) was pre-incubated with NE (301C for 20 min) prior to
the addition of 50SS RNA (50-AAAAAGGUAAGdTdAdT-30), prepared
and derivatized with BP 4-iodoacetamide as previously described
(Ismaili et al, 2001). After 15 min at 301C, reactions were UV-
irradiated (302 nm) for 3 min in a microtiter plate on ice. Typically,
1�104 and 1�106 cpm of the 32P-labeled 50SS RNA were used for
crosslinking and immunoprecipitation experiments, respectively.

Microsequencing of p54nrb

A large-scale binding reaction (4� 500ml) was centrifuged through
a 200-ml cushion of buffer D (0.1 M KCl, 20 mM HEPES–KOH (pH
7.6), 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT) at 200 000 g for
30 min. The pellet was resuspended in 15ml buffer D, treated with
RNase A and T1 (100 mg/ml each) for 30 min at 301C, solubilized in
80 ml of 9.5 M urea, 2% NP-40, 5% b-mercaptoethanol and 2% Bio-
Lyte 3–10 (Bio-Rad) for 30 min at 251C and resolved by isoelec-
trofocusing in the first dimension and by electrophoresis in a 9%
SDS gel in the second. p54nrb was identified by superimposition of
the Coomassie Brilliant Blue (G-250)-stained gel with the auto-
radiograph of the p54 crosslink and the a-SR antibody Western blot.
Sequence analysis of the protein digested with Lys-C was performed
at the Protein/DNA Technology Center of The Rockefeller Uni-
versity. A blast p search identified all the three obtained peptide
sequences shown in Figure 2D within the human p54nrb.

Glycerol gradient fractionation
Crosslinking reactions (150ml) containing ATP and 1�107 cpm of
the 50SS RNA were layered onto 10–30% glycerol gradients in
50 mM Tris-glycine and centrifuged for 3.5 h at 50 krpm at 41C in
an SW55 rotor. Gradients were divided into 16 300-ml fractions, of
which 10 or 50ml were used for native gel electrophoresis or
immunoprecipitation, respectively.

Immunoprecipitation (IP)
For all IPs, beads were pre-blocked with 3% BSA for 30 min at RT
and washed (3� 500ml) with IP-100 (100 mM NaCl, 50 mM Tris-HCl
(pH 7.5), 0.05% NP-40, 2 mM MgCl2, 0.5 mM DTT). Subsequently,
antibodies (5–20ml) were bound to 15ml of pre-blocked beads in
30ml of IP-100. Protein A–trisacryl beads (Pierce) were used except
for a-U2-B00 and Y12 antibodies, and H5 and H14, for which Protein
G beads (Amersham) and Protein L beads (Santa Cruz Biotechnol-
ogy), respectively, were used. The beads were then washed
(3� 500 ml) with IP-100.

For native IPs, the antibody-beads slurry was resuspended in
20ml of buffer D containing protease inhibitors (1 mM PMSF, 3 mg/
ml leupeptin and 5 mg/ml soybean trypsin inhibitor). The slurry was
incubated for 1.5 h at 41C with 10 ml of crosslinking reactions or
50ml of gradient fractions and then washed gently (3� 500ml) with
NETN50 (50 mM NaCl, 20 mM Tris–HCl (pH 7.5), 0.5% NP-40,
1 mM EDTA, 0.5 mM DTT) containing protease inhibitors at 41C.

For the denaturing IP performed in Figure 2B, crosslinking
reactions were pre-incubated with RNase A (0.1mg/ml) and
Empigen BB (1%) in 300 ml PBS containing 1 mM EDTA, 0.1 mM
DTT and protease inhibitors at RT for 30 min and then sonicated for
3� 5 s. The antibody-beads slurry was then added and the mix was
incubated for 1.5 h at 41C before washing (3� 500 ml) with IP100.

For the denaturing IP performed in Figure 2C, gel-purified
50SS:p54 and 50SS:hPrp28 crosslinks were acetone-precipitated and
dissolved in 1 ml of TBST (10 mM Tris–HCl (pH 8.0), 50 mM NaCl,
0.1% Tween 20). Anti-p54nrb or a-hPrp28 antibody beads were
added and the slurry was incubated for 1.5 h at 41C and washed
(5� 500 ml) with TBST at RT.

For all IPs, the input corresponded to 5% of the total reaction.

Immobilized template assay
For construction of the pBSAd20 plasmid, the first two leader exons
of the adenovirus major late transcription unit, separated by a
shortened version of the first intervening sequence, were cloned
into the pBS- vector (Stratagene) under the T7 promoter. The
pBSAd22 plasmid contains, in addition, a 399-nt sequence including
the adenovirus major late promoter (AdMLP) immediately down-
stream of the T7 promoter.
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Templates were synthesized by PCR from pBSAd20 or pBSAd22
using biotinylated, upstream primer Ade3 (50-biotin-
GTTGGGTAACGCCAGGG-30) and downstream primer T3-L (50-
GCGCAATTAACCCTCACTAAA-30). The resulting fragments were
gel purified and bound to M-280 streptavidin Dynabeads (Dynal)
according to the manufacturer’s instructions. The immobilized
templates were then blocked with 1% BSA in BC-100 buffer (20 mM
HEPES–KOH (pH 7.6), 100 mM KCl, 20% glycerol, 0.2 mM EDTA,
0.5 mM DTT, 250mM PMSF) for 20 min at RT. After washing with
BC-100, 125 mg beads (B800 ng immobilized DNA) were resus-
pended in 28ml BC-100 containing 0.05% NP-40. Transcription
reactions (105ml total volume) were performed at 301C for 30 min
after the addition of 6.7 mM MgCl2, 400mM NTPs and 35 ml
(B350 mg protein) HeLa NE (Dignam et al, 1983). The NE was
pre-spun at 9 krpm for 2 min at 41C and pre-incubated with 1mg/
100ml sonicated Escherichia coli DNA for 10 min at RT. The bead-
bound templates were washed gently (3�100ml) with BC-100
containing 0.05% NP-40 and 0.05% BSA and then digested with
PvuII (New England Biolabs) as previously described (Ranish et al,

1999). The supernatant was removed from the beads and subjected
to 7 or 10% SDS–PAGE. Proteins were electroblotted onto
nitrocellulose membranes and detected by ECL (Perkin-Elmer). As
a negative control, beads lacking DNA were submitted to the same
experimental procedure.

For RNA analysis, the material released from beads was phenol
extracted, ethanol precipitated and resolved in a 10% polyacryla-
mide/8 M urea gel and probed by Northern hybridization.
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