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The U2 snRNP component SAP 155 contacts pre-mRNA
on both sides of the branch site early in spliceosome
assembly and is therefore positioned near or at the spli-
ceosome catalytic center. We have isolated a cDNA en-
coding human SAP 155 and identified its highly related
Saccharomyces cerevisiae homolog (50% identity). The
carboxy-terminal two-thirds of SAP 155 shows the high-
est conservation and is remarkably similar to the regu-
latory subunit A of the phosphatase PP2A. Significantly,
SAP 155 is phosphorylated concomitant with or just af-
ter catalytic step one, making this the first example of a
protein modification tightly regulated with splicing ca-
talysis.
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Spliceosomal complexes assemble on pre-mRNA in the
order E, A, B, and C, with the catalytic steps taking place
in the C complex (for review, see Kramer 1996). Step 1 is
a nucleophilic attack on the 58 splice site (ss) by the
branch-site adenosine, which is bulged from a duplex
between U2 snRNA and the branchpoint sequence (BPS).
This duplex is established in the A complex concomitant
with binding of six U2 snRNP proteins [spliceosome-
associated proteins (SAPs) 49, 61, 62, 114, 145, and 155]
near the BPS. These proteins are components of two
multiprotein complexes, SF3a and SF3b, which are re-
quired for A complex assembly (for review, see Kramer
1996; Reed 1996). SF3a consists of three subunits,
SF3a60, SF3a66, SF3a120 (corresponding to SAPs 61, 62,
and 114, respectively), and SF3b consists of at least four
subunits, SF3b50, SF3b130, SF3b145, and SF3b155 (SAPs
49, 130, 145, and 155, respectively; we will use the SAP
nomenclature). cDNAs encoding all of the SF3a and two
of the SF3b subunits (SAPs 145 and 49) have been iso-
lated and Saccharomyces cerevisiae homologs identified
(Kramer 1996; Reed 1996). The SF3a subunits are all es-
sential in yeast and required for A complex assembly.
ySAP 145, originally identified by its similarity to hu-

man SAP 145 (Gozani et al. 1996), corresponds to the
CUS1 gene, isolated as a suppressor of a U2 snRNA mu-
tation (Wells et al. 1996). CUS1 is essential in yeast and
is required for A complex assembly (Wells et al. 1996).

In the mammalian A complex, the SF3a/b subunits
cross-link to a 25-nucleotide region in the pre-mRNA
located immediately upstream of the BPS (Gozani et al.
1996). These RNA–protein interactions are thought to
function in part to anchor U2 snRNP to the BPS (Gozani
et al. 1996). SAP 155 cross-links to pre-mRNA on both
sides of the branch site (O. Gozani, J. Potashkin, and R.
Reed, in prep.) and is thus strategically positioned over
the branch-site adenosine before this residue undergoes
nucleophilic attack on the 58 ss. This location and tim-
ing of the SAP 155–pre-mRNA interactions suggest that
SAP 155 is a critical component of the spliceosome ac-
tive site. Here we report the isolation of a cDNA encod-
ing SAP 155 and find that it is the most highly conserved
SF3 component. We also show that SAP 155 is phos-
phorylated concomitant with splicing catalysis. The
functional importance of SAP 155 phosphorylation for
splicing is indicated by the observations that phosphory-
lation is detected only in functional spliceosomes, is
regulated with catalysis and occurs generally with differ-
ent pre-mRNAs, and that phosphorylated SAP 155 con-
tacts both sides of the branch site during catalysis.

Results

Isolation of SAP 155 cDNA

To isolate a human SAP 155 cDNA, spliceosomal com-
plex A was purified in large scale and fractionated by
SDS-PAGE, and peptide sequences were obtained from
tryptic digestion products of SAP 155 (Bennett and Reed
1993). One of the peptide sequences matched an EST in
GenBank, and this EST was used to screen libraries to
obtain the SAP 155 cDNA. This cDNA is predicted to
encode a 1304-amino-acid protein with a molecular mass
of 146 kD (Fig. 1A). SAP 155 is most similar to the regu-
latory subunit A of the phosphatase PP2A (Ruediger et
al. 1994). PP2A-A is organized in 15 nonidentical repeats,
38–43 amino acids in length; the consensus is shown
below the SAP 155 sequence (Ruediger et al. 1994; Fig.
1A). These repeats are thought to fold PP2A-A into a
rod-like structure that interacts directly with the regu-
latory B and catalytic C subunits (Ruediger et al. 1994).
The carboxy-terminal two-thirds of SAP 155 can be
aligned into 22 PP2A-like repeats. SAP 155 and PP2A-A
contain few exact matches at many positions in the
PP2A-A consensus; rather, the main characteristic of
these repeats is a specific distribution of hydrophobic
and charged residues. In PP2A-A, the amino acids at po-
sitions 5–7 in the consensus are LLP (Fig. 1A). Only two
repeats have this exact sequence; the others are com-
posed of related residues (e.g., IIP, LVP). Similarly, in
SAP 155, there are two LLPs at positions 5–7 of the re-
peats and several related sequences. Like PP2A-A, SAP
155 is enriched in serines or threonines at position 1,
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pairs of acidic residues at positions 15 and 16, hydropho-
bic residues at positions 24 and 31, and glycines at posi-
tion 36. The similar organization of SAP 155 and PP2A-A
suggests that these proteins fold into a similar structure
and that the PP2A-A repeats in SAP 155 play a role in as
yet unidentified protein–protein interactions.

The amino terminus of SAP 155 is hydrophilic and
contains two types of repeats (Fig. 1A). There are three
perfect and several degenerate repeats of the sequence
RWDETP. There are also five repeats of the sequence
TPGH and several derivatives in which the last amino
acid is either basic (K, R) or small (A, S). These repeats
closely resemble phosphorylation sites for the Cdk ser-
ine–threonine kinases (S/T-P-X-R/K) (Moreno and Nurse
1990).

SAP 155 is the most highly conserved SF3 subunit

Probable S. cerevisiae, Schizosaccharomyces pombe,
and Caenorhabditis elegans homologs of SAP 155 were
identified in GenBank (Fig. 1B). Both the size and se-
quence of these homologs are strikingly conserved:
scSAP 155 is 50% identical to human SAP 155; ceSAP
155 and spSAP 155 are ∼66% and 56% identical to SAP
155, respectively. The highest conservation lies in the
carboxy-terminal two-thirds of the protein, which con-

tains the PP2A-like repeats. Over this region, ceSAP 155
and spSAP 155 are 86% and 75% identical to SAP 155,
respectively. Virtually the entire scSAP 155 protein con-
sists of these repeats, and they are 55% identical to SAP
155.

SAP 155 is phosphorylated late
in the splicing pathway

To investigate the role of SAP 155 in splicing, we raised
antibodies to two peptides. These antibodies specifically
immunoprecipitate in vitro-translated SAP 155, detect
SAP 155 on Western blots of the A complex or nuclear
extract (NE), and immunoprecipitate a small fraction of
U2 snRNP from NE (see below; data not shown). The
antibodies do not inhibit either A complex assembly or
the splicing reaction, possibly because the epitope is
mostly masked in extracts (data not shown).

The antibody was used for Western analysis of spliceo-
somal complexes at different steps of the splicing path-
way. Initially, complexes were assembled on DAG pre-
mRNA, which contains a GG → AG substitution at the
38 ss (Gozani et al. 1994) (Fig. 2A). This mutation does
not affect assembly of the A, B, and C complexes but
blocks step 2 of splicing. After a long incubation under
splicing conditions, the C complex containing high lev-

Figure 1. (A) The amino acid sequence predicted from the human SAP 155 cDNA sequence. The RWDETP repeats at the amino
terminus are aligned for convenience. These repeats and the TPGX repeats are indicated in boldface type, and the TPGH repeats are
also underlined. The PP2A-like repeats are aligned according to the consensus for PP2A. This consensus is shown below the SAP 155
sequence. The underlined amino acids indicate those that match the consensus or are similar in type (hydrophobic or charged) to the
consensus residue. The brackets indicate the 82-amino-acid region that is missing from the DSAP 155 cDNA (see Materials and
Methods). (B) SAP 155 homologs are shown aligned with human SAP 155. Identities are indicated in white on black. ceSAP 155, spSAP
155, and scSAP 155 correspond to the C. elegans, S. pombe, and S. cerevisiae proteins, respectively.
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els of step 1 products accumulates on DAG pre-mRNA
(Gozani et al. 1996). Spliceosomal complexes A/B or C
were isolated and used for Western analysis. SAP 155
was detected in the A/B complex (Fig. 2B, lane 1). Sur-
prisingly, another major band was detected in the C com-
plex (asterisk; Fig. 2B, lane 2). As SAP 155 contains mul-
tiple potential phosphorylation sites (see Fig. 1A), we
tested whether this additional band is a phosphorylated
form of SAP 155. Incubation of affinity-purified C com-
plex with calf intestinal alkaline phosphatase (CIP) re-
sults in the loss of the slower-mobility band and an in-
crease in the levels of the SAP 155 band (Fig. 2C). Addi-
tion of the phosphatase inhibitor vanadate eliminates
the effect of CIP treatment (data not shown). These data
indicate that SAP 155 is modified by phosphorylation.

To obtain further evidence that the CIP-sensitive form
of SAP 155 is phosphorylated, the C complex was as-
sembled using [g-32P]ATP fractionated by SDS-PAGE
and immobilized on a membrane. 32P-Labeled proteins
were detected by autoradiography and compared with
Western analysis of the same blot using SAP 155 antisera
(Fig. 2D). As shown in lane 2, three major high-molecu-
lar- mass bands were detected in the C complex on the
autoradiograph (right). Significantly, two of these comi-
grate with the major bands detected by the SAP 155 an-
tibody (Fig. 2D, lane 2, cf. Western and autoradiograph).
A 200-kD protein detected on the autoradiograph is
weakly detected by the SAP 155 antibody (arrow). The
32P-labeled bands are largely abolished by treatment
with CIP, but the fastest migrating form of SAP 155 is
still detected by Western blotting (Fig. 2D, lane 3). To-
gether, these data indicate that SAP 155 is phosphory-
lated in the C complex. We have designated the major
phosphorylated form of this protein SAP 155-P.

The fast migrating form of SAP 155 is detected on the
autoradiograph (Fig. 2D, right, lane 2), indicating that it
is phosphorylated on at least one site. Thus, the large

mobility shift of SAP 155-P is most
likely a result of multiple phosphoryla-
tion sites. The 200-kD protein that is
detected weakly on the Western blot
(Fig. 2D, arrow) could either be a hyper-
phosphorylated form of SAP 155 or a
protein that weakly cross-reacts with
SAP 155 antisera [suggested because a
200-kD protein is faintly detected by
the SAP 155 antisera in complexes iso-
lated at all stages of spliceosome as-
sembly (see below)].

SAP 155-P is bound on both sides of
the branch site
in the C complex

Prior to catalytic step 1, SAP 155 cross-
links to pre-mRNA immediately up-
stream and downstream, but not di-
rectly at, the branch site (O. Gozani, J.
Potashkin, and R. Reed, in prep.). Be-
cause phosphorylation can trigger sig-
nificant conformational changes in pro-

teins, we asked whether phosphorylation of SAP 155 af-
fects its interactions with pre-mRNA. DAG pre-mRNA
that contained a single 32P-labeled guanosine, either 6
nucleotides upstream (−6) or 5 nucleotides downstream
(+5) from the branch site (Fig. 3), was synthesized and
assembled into the hnRNP complex H, or into the A/B
or C spliceosomal complexes, isolated by gel filtration,
and UV irradiated. After RNase A digestion, proteins

Figure 2. SAP 155 is phosphorylated in the C complex assembled on DAG pre-
mRNA. (A) Schematic of DAG AdML pre-mRNA; (B) Western blot of A/B (lane 1) and
C (lane 2) complexes probed with SAP 155 antibodies; (C) Western blot of the C
complex alone (lane 1), incubated in buffer (lane 2), or incubated in buffer and phos-
phatase (CIP) (lane 3). The asterisk indicates the novel band detected in the C complex.
(D) The C complex was assembled under standard splicing conditions (lane 1) or in a
reaction containing [g-32P]ATP (lane 2). An aliquot of the radiolabeled C complex was
treated with CIP (lane 3). The autoradiograph (right) and Western blot (left) probed with
SAP 155 antibodies are shown. The arrow indicates the 200-kD protein that is phos-
phorylated and also weakly detected by the antisera.

Figure 3. SAP 155-P cross-links on both sides of the branch
site. A schematic of DAG AdML pre-mRNA showing the se-
quence of the 38 portion of the intron. (+5 and −6) The guanosine
residues that were 32P-labeled. The GG at the 38 ss and BPS are
shown in uppercase letters; the branch-site adenosine is under-
lined. Proteins were UV cross-linked in the H (lanes 1,4), A/B
(lanes 2,5), and C (lanes 3,6) complexes assembled on pre-mR-
NAs labeled at the +5 (lanes 1–3) or −6 (lanes 4–6) sites. (ori) The
gel origin. SAP 155 and SAP 62 were identified on two-dimen-
sional gels (data not shown).

SAP 155 phosphorylation concomitant with catalysis
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were fractionated by SDS-PAGE. As observed (O. Go-
zani, J. Potashkin, and R. Reed, in prep.), SAP 155 spe-
cifically cross-links to pre-mRNA at +5 and −6 sites in
the A/B complex but not in the H complex (Fig. 3, lanes
1,2,4,5); the SF3a component SAP 62 is also detected at
the −6 site in the A/B complex (lane 5) (Gozani et al.
1996; and in prep.). Strikingly, in the C complex, SAP
155 at both −6 and +5 is largely replaced by the cross-
linking of a more slowly migrating protein, which comi-
grates with SAP 155-P (data not shown). Together, these
observations indicate that SAP 155 remains bound on
both sides of the branch site in the C complex and is
phosphorylated near or at this stage in the splicing path-
way. The ratio of SAP 155-P to SAP 155 is greater in
some C complex preparations than in others (see Figs. 2
and 3; data not shown); this ratio correlates with effi-
ciency of conversion to the C complex, which varies be-
tween preparations. The observation that SAP 155-P is
bound on both sides of the BPS on the lariat exon, rather
than, for example, dissociating from the pre-mRNA, is
consistent with the possibility that SAP 155 phosphory-
lation is functionally important in the splicing pathway.

Phosphorylation of SAP 155 accompanies
splicing catalysis

As described above, catalytic step 2 of splicing is blocked
on DAG pre-mRNA, and the C complex containing the
products of step 1 accumulates. To determine whether
SAP 155 phosphorylation occurs during the normal
splicing pathway and to investigate its kinetics, com-
plexes were assembled on wild-type AdML pre-mRNA
for varying lengths of time and then purified (Fig. 4). As
shown in Figure 4B, SAP 155 is phosphorylated during
the normal splicing pathway. In contrast, there is no
change in another SF3b component, SAP 130 (Fig. 4C).
The highest levels of step 1 and 2 splicing products are
detected at the 45-, 60-, and 75-min time points (Fig. 4A).
Similarly, SAP 155-P is present at the highest levels at
these time points (Fig. 4B). These data indicate that phos-
phorylation of SAP 155 occurs concomitant with the
catalytic steps of splicing. Because the kinetics of steps 1
and 2 are closely coupled on wild-type pre-mRNA, it is
not possible to determine whether phosphorylation ac-
companies catalytic step 1 or step 2. However, the ob-
servation that SAP 155-P accumulates on DAG pre-
mRNA (Fig. 2), which is unable to undergo step 2, indi-
cates that the phosphorylation normally precedes step 2.
The high levels of SAP 155-P at the 45- to 75-min time
points versus the 30-min time point suggests that SAP
155-P is bound to the lariat–intron as well as the lariat–
exon intermediate.

Coupling of SAP 155 phosphorylation to catalysis
occurs generally

The observation that SAP 155 phosphorylation accom-
panies splicing catalysis of wild-type AdML pre-mRNA
suggests that this phosphorylation is functionally impor-
tant for splicing. At present, it is not technically feasible
to assemble SF3b or U2 snRNP using recombinant SAP

155. As SAP 155 is an integral component of these com-
plexes, the effects of mutations in the SAP 155 phos-
phorylation sites cannot be tested directly in splicing.
Thus, we asked whether the phosphorylation occurs on a
pre-mRNA unrelated to AdML. As shown in Figure 4, D
and E, SAP 155 phosphorylation does accompany cataly-
sis on a-tropomyosin pre-mRNA. Step 1 occurs with
slower kinetics on a-tropomyosin than on AdML, and
step 2 is much less efficient (Fig. 4, cf. A and D) (Chiara
et al. 1997). Significantly, the kinetics of appearance of
SAP 155-P parallel the kinetics of catalytic step 1 (Fig.
4D,E). The observation that SAP 155 phosphorylation
accompanies catalysis on two pre-mRNAs (AdML and
tropomyosin) with different step 1 kinetics suggests that
step 1 and SAP 155 phosphorylation are functionally
coupled and therefore that SAP 155 phosphorylation is
likely to be a general step in the splicing reaction.

Other splicing factors, including arginine–serine re-
peat (SR) proteins, U1–70K and U2AF, are phosphory-
lated when NEs are incubated in the presence of ATP–
Mg2+ (Tazi et al. 1993; Woppmann et al. 1993; Xiao and
Manley 1997; data not shown). To determine whether
SAP 155-P can be detected in NEs, we incubated the
extract under spliceosomal assembly conditions in the
absence of pre-mRNA (Fig. 5). A Western blot was then
performed on total protein from the NE or purified from
60- or 75-min spliceosomal complexes. SAP 155-P is not
detected in total NE incubated for 60 min (Fig. 5) or at
any other time point between 0 and 75 min (data not
shown). We conclude that SAP 155 phosphorylation is
tightly regulated and is detected only in spliceosomal
complexes and only at a specific time in the splicing
pathway, concomitant with catalysis. Together, these
data indicate that SAP 155 phosphorylation is function-
ally important for the splicing reaction.

Figure 4. Phosphorylation of SAP 155 occurs concomitant
with splicing catalysis. Wild-type AdML (A–C) or tropomyosin
(D,E) pre-mRNA was incubated under splicing conditions for
the times indicated. Total RNA (A,D) or protein from spliceo-
somal complexes (B,C,E) was analyzed. Western blots were
probed with SAP 155 (B,E) or SAP 130 (C) antisera. The bands
below SAP 155 may be breakdown products.
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Discussion

We have isolated a cDNA encoding human SAP 155, a
subunit of the splicing factor SF3b, a U2 snRNP compo-
nent, and a component of the A, B, and C spliceosomal
complexes. UV cross-linking studies revealed that SAP
155 binds on both sides of the branch site prior to cata-
lytic step 1 of the splicing reaction (O. Gozani, J. Potash-
kin, and R. Reed, in prep.). SAP 155 is subsequently
phosphorylated and remains bound on both sides of the
branch site prior to catalytic step 2 (this study). As the
branch-site adenosine functions as the nucleophile for
step 1, and the branch structure is required for step 2, the
strategic positioning of SAP 155 over the branch site sug-
gests that this protein is a critical component of the spli-
ceosome active site. We have identified the apparent S.
pombe, C. elegans, and S. cerevisiae homologs of SAP
155 in GenBank. scSAP 155 is 50% identical to human
SAP 155, whereas the other SF3 subunits are ∼25% iden-
tical between yeast and human. The SAP 155 carboxyl
terminus is organized into 22 nonidentical, tandem re-
peats, which are similar to those found in the regulatory
subunit A of the phosphatase PP2A. We have not de-
tected any phosphatase activity of SAP 155 nor an inter-
action with the catalytic subunit of PP2A. Nevertheless,
the repeats must have an important function because
scSAP 155 consists almost entirely of them and the sc-
SAP 155 gene is essential for viability in yeast (O. Gozani
and R. Reed, unpubl.). The SAP 155 amino terminus is
less well conserved. It contains multiple TPGH motifs
and several RWDETP motifs, neither of which are pre-
sent in scSAP 155.

Remodeling at the 38 ss for catalytic step 2

Prior to catalytic step 2 of the splicing reaction, a major
change occurs in the proteins that interact at the pyrim-
idine tract and 38 ss. The splicing factor U2AF is replaced
by three components of U5 snRNP (U5220, U5110, and
U5116), and AG100 bound near or at the AG is replaced by
AG75 (Chiara et al. 1996, 1997). Here, we have shown
that SAP 155 remains bound on both sides of the branch
site after step 1 but is phosphorylated. SAP 155 phos-
phorylation is likely to be important in the basic splicing
mechanism as it is detected only in functional spliceo-

somes and is coupled with catalysis on unrelated pre-
mRNAs having different step 1 kinetics. One of these
pre-mRNAs, a-tropomyosin, undergoes step 2 ineffi-
ciently and thus accumulates high levels of step 1 prod-
ucts. SAP 155-P also accumulates to high levels in C
complexes assembled on this pre-mRNA. These data
suggest that SAP 155 phosphorylation occurs during or
just after step 1, but before step 2. SAP 155-P also accu-
mulates on a pre-mRNA containing an AG → GG mu-
tation at the 38 ss, a mutation that blocks step 2. Thus,
phosphorylation of SAP 155 does not require, and likely
precedes, recognition of the AG for step 2.

One possible role for SAP 155 phosphorylation is to
trigger the remodeling of the 38 ss for catalytic step 2.
The amino terminus of SAP 155 contains multiple
TPGH motifs that are similar to phosphorylation sites
for the Cdks. The same region of SAP 155 also contains
a domain that interacts with U2AF (O. Gozani, J. Po-
tashkin, and R. Reed, in prep.). Thus, it is possible that
SAP 155–U2AF interactions established early in spliceo-
some assembly are disrupted when SAP 155 is phos-
phorylated. This phosphorylation may in turn allow the
replacement of U2AF by U5 snRNP on the 38 ss. In S.
cerevisiae, the U2AF binding site (pyrimidine tract at the
38 ss) is not well-conserved, and the U2AF homolog
MUD2 is not essential (Abovich et al. 1994). Thus, if
scSAP 155–MUD2 interactions occur at all in yeast, they
almost certainly do not play as important a role as in
mammals, which may explain why the scSAP 155 amino
terminus is not well conserved.

Several splicing factors are known to be phosphory-
lated, including the SR protein family (Roth et al. 1991;
Gui et al. 1994; Colwill et al. 1996; Xiao and Manley
1997), the U1 snRNP component U1–70K (Tazi et al.
1993; Woppmann et al. 1993), and a 27-kD protein in the
U4/U5/U6 tri-snRNP (Fetzer et al. 1997). These proteins
share the presence of a domain rich in SR repeats that
contain the known or presumed phosphorylation sites
(Roth et al. 1991; Woppmann et al. 1993; Gui et al. 1994;
Colwill et al. 1996). Several kinases that phosphorylate
SR domains have also been reported (Woppmann et al.
1993; Giu et al. 1994; Colwill et al. 1996), and several
studies indicate that phosphorylation/ dephosphoryla-
tion of SR domains play a role in splicing (Mermoud et
al. 1992, 1994; Tazi et al. 1993; Xiao and Manley, 1997)
and in regulating the intranuclear distribution of SR pro-
teins (Gui et al. 1994; Colwill et al. 1996).

SAP 155 is the first reported example of a phosphory-
lated splicing factor that lacks an SR domain. Moreover,
unlike the SR domain-containing proteins, SAP 155
phosphorylation cannot be detected by incubating
nuclear extract with ATP–Mg2+. Rather, SAP 155 phos-
phorylation can only be detected in functional spliceo-
somes. This is the first example of a phosphorylation
event that occurs exclusively at the time of the catalytic
steps of the splicing reaction. These observations make
it highly likely that SAP 155 phosphorylation has a func-
tion in splicing. A phosphatase activity required for SAP
155 dephosphorylation must also exist and would be ex-
pected to play an important role in splicing.

Figure 5. SAP 155-P is not detected in nuclear extracts incu-
bated under splicing conditions. Shown is Western analysis of
purified spliceosomal complexes assembled on AdML pre-
mRNA (60- and 75-min time points) or total NE incubated as
indicated. SAP 155 antibodies were used as a probe.

SAP 155 phosphorylation concomitant with catalysis
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Materials and methods

SAP 155 cDNA and antibody
SAP 155 was isolated from an SDS gel containing spliceosomal complex
A38 and used for peptide sequencing. One peptide (TPIGTPAMNMAT)
matched a partial cDNA (17F6, gift from Dr. J.-M. Frigerio, INSERM,
Paris, France) in GenBank. Sequencing of 17F6 revealed that it encoded
another SAP 155 peptide (VNDQPSGNLPFLKP). Additional cDNAs were
obtained by screening human cDNA libraries using the 17F6 probe and
were used to construct a clone that encodes most of SAP 155. This clone,
designated DSAP 155, lacks a region of 246 nucleotides in the 38 portion
of the SAP 155 cDNA (nucleotides 2797–3042). DSAP 155 is in-frame, but
lacks amino acids 933–1014 (missing amino acids are bracketed in Fig.
1A). The 82-amino-acid region lacking from DSAP 155 is toxic to Esch-
erichia coli, as we were unable to insert this region into SAP 155 without
obtaining deletions or other mutations. The sequence of the 246-nucleo-
tide region was therefore obtained from a PCR product from a HeLa
cDNA library. Rabbit antisera were raised to two SAP 155 peptides (GAS-
KRKSRWDETPAS and DRTMKSVNDQPSGNL) (BabCo). For Western
blots, 6% or 9% SDS-PAGE was carried out, and proteins were immobi-
lized on PVDF. Membranes were blocked in 5% nonfat dry milk in PBS
containing 0.1% Tween 20. The SAP 155 antibody was used at a 1/1000
dilution, and HRP-conjugated goat anti-rabbit secondary antibody was
used at 1/5000. Bands were detected with ECL (Amersham).

Analysis of spliceosomal complexes
Spliceosomal complexes were assembled on biotinylated pre-mRNAs,
isolated by gel filtration and then purified by binding to avidin–agarose
(Reed 1990). DAG AdML pre-mRNA was incubated for 10 or 60 min to
assemble the A/B or C complexes, respectively (Gozani et al. 1994). A/B
is a mixture of the A and B complexes that cannot be separated from each
other by gel filtration. Phosphatase treatment of the C complex was
carried out by washing a 30-µl aliquot of the complex bound on avidin–
agarose beads with 1 ml of buffer (20 mM Tris-HCl at pH 7.9, 10 mM

MgCl2, 50 mM NaCl, 1 mM DTT). The buffer was removed, and 30 µl of
the same buffer was added. CIP (2 µl) was added, and the reaction mixture
was incubated at 37°C for 1 hr. An additional 2 µl of CIP was added, and
the incubation was continued for 1 hr. To phosphorylate SAP 155 with
32P, 500 ng of DAG pre-mRNA was incubated in a 500-µl splicing reac-
tion containing 5 µl of [g-32P]ATP (6000 Ci/mmole) and 375 µM cold ATP
(500 µM cold ATP is present in the standard splicing reactions). Phospha-
tase treatment of the 32P-labeled complex was carried out as described
above. For UV cross-linking experiments, DAG pre-mRNA was 32P site-
specifically labeled (Moore and Sharp 1992) at guanosine residues located
at −6 and +5 nucleotides from the branch site. Spliceosomal complexes
H, A/B, and C were assembled, isolated by gel filtration, and UV cross-
linked as described (Gozani et al. 1996). After digestion with RNase A,
total protein was fractionated on a 9% SDS–polyacrylamide gel.
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