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ABSTRACT

Using site-specific incorporation of the photo-
chemical cross-linking reagent 4-thiouridine, we
demonstrate the previously unknown association of
two proteins with yeast 3′ splice sites. One of these
is an unidentified ~122 kDa protein that cross-links to
3′ splice sites during formation of the pre-
spliceosome. The other factor is the DExH-box RNA
helicase, Prp22p. With substrates functional in the
second step of splicing, only very weak cross-linking
of Prp22p to intron sequences at the 3′ splice site is
observed. In contrast, substrates blocked at the
second step exhibit strong cross-linking of Prp22 to
intron sequences at the 3′ splice site, but not to adja-
cent exon sequences. In vitro reconstitution experi-
ments also show that the association of Prp22p with
intron sequences at the 3′ splice site is dependent on
Prp16p and does not persist when release of mature
mRNA from the spliceosome is blocked. Taken
together, these results suggest that the 3′ splice site
of yeast introns is contacted much earlier than previ-
ously envisioned by a protein of ~120 kDa, and that a
transient association of Prp22p with the 3′ splice site
occurs between the first and second catalytic steps.

INTRODUCTION

The accurate recognition of both the 5′ splice site and branch
site sequences during the first step of nuclear pre-mRNA
splicing is accomplished through the use of multiple recogni-
tion steps involving specific RNA–RNA and RNA–protein
interactions (1,2). The mechanism and factors involved in
recognition or selection of the 3′ splice site are not completely
defined, however (3). For the second step of nuclear pre-
mRNA splicing to occur, the 3′ splice site in the intron-lariat
intermediate must be selected and correctly positioned relative
to the 3′-OH group of the excised 5′ exon. In yeast, 3′ splice
sites are defined by the conserved sequence YAG, and are
usually located 10–60 nt downstream from the branch site
sequence (4). Generally, the first AG dinucleotide downstream

from the pre-mRNA branch site sequence is chosen as the 3′
splice site (5–7). Selection of the 3′ splice site is thus tightly
coupled to recognition of the branch site sequence, which
occurs during the first catalytic step. Genetic and biochemical
studies in yeast support the existence of a complex network of
RNA–RNA interactions that may be involved in 3′ splice site
recognition (3,8). In addition, six yeast proteins have been
identified that have roles in the second catalytic step and may
be involved in 3′ splice site selection (3,9–12). Following the
first catalytic step, Prp16p appears to function as part of a
complex involving Prp17p, Slu7p, Prp18p and Prp22p to facil-
itate a conformational rearrangement in the spliceosome that is
thought to reflect the identification of the 3′ splice site and its
positioning within the active site for the second catalytic step.
This conformational rearrangement occurs in two stages, an
initial ATP-dependent stage involving Prp16p and Prp17p, and
a subsequent ATP-independent stage involving Slu7p, Prp18p
and Prp22p (3,10,13).

Of the six proteins thus far implicated in events associated
with the second catalytic step however, only two, Prp16p and
Prp8p appear to have essential roles. PRP17 is non-essential
for growth, and splicing extracts depleted of Prp17p exhibit
only a partial second step defect (13). In vitro studies have
established that Slu7p, Prp18p and Prp22p are required during
the second step of splicing with substrates containing 3′ splice
sites distal to the branch site. Curiously however, they are not
essential for the second step of splicing with substrates
containing 3′ splice sites located close (proximal) to the branch
site sequence (10,14,15). Thus, although these factors are
likely to have important roles in 3′ splice site selection, they
are unlikely to be directly involved in binding of the 3′ splice
by the active site of the spliceosome.

In yeast splicing extracts, Prp8p, Prp16p and Slu7p have
previously been shown to cross-link to the 3′ splice site region.
Prp8p is a U5 snRNP associated protein that interacts exten-
sively with the 5′ exon prior to the first step of splicing and
with the 3′ splice site region prior to the second step (7,16,17).
Mutants in Prp8 that are able to suppress the effects of 5′ and
3′ splice site mutations have also been isolated (18–20). It was
proposed that Prp8p functions at the catalytic core of the
spliceosome to stabilize interactions between the loop of the
U5 snRNA and exon sequences at the 5′ and 3′ splice sites, and
to align these sequences during the second catalytic step of
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splicing. In mammalian splicing extracts, cross-linking of the
3′ splice site to a 100 kDa protein (AG100) in pre-spliceosomes
(21) and to either a 75 kDa (AG75) or 70 kDa protein in mature
spliceosomes has been reported (21,22). More recent experi-
ments have shown that during pre-spliceosome formation, the
3′ splice site AG in metazoan introns is specifically recognized
by U2AF35 (23–25). In yeast however, no homolog of U2AF35

has been reported (26), and possible homologs of the other
mammalian proteins that cross-link to the 3′ splice site have
not been identified, to our knowledge.

In the present study, we have examined the interactions of
proteins in whole cell yeast splicing extracts with the 3′ splice
site YAG↓ using site-specific incorporation of the photochem-
ical cross-linking reagent 4-thiouridine (s4U) in derivatives of
the yeast actin intron. Although previous cross-linking studies
have established the interactions of several proteins with the 3′
splice site region during yeast pre-mRNA splicing (7,16), our
experiments demonstrate the association of yeast 3′ splice sites
with two previously undetected proteins. One of these proteins
associates with the 3′ splice site during formation of the pre-
spliceosome, suggesting contacts with the 3′ splice site may be
established much earlier than previously envisaged in yeast
(27). The other protein is the DExH-box RNA helicase,
Prp22p, which plays roles in both the second catalytic step of
splicing and in release of mRNA from the spliceosome (10).

MATERIALS AND METHODS

Synthetic oligonucleotides and PCR. Oligodeoxyribonucle-
otides were obtained from Cybersyn, Inc. (Aston, PA). PCR-
generated templates for in vitro transcription were prepared
using Vent DNA polymerase (New England Biolabs)
according to the manufacturers’ guidelines using the wild-type
SP6 actin plasmid (28) as template. A large number of oligo-
deoxyribonucleotides were used for PCR amplification to
create templates for in vitro transcription of RNA fragments, as
bridging oligos for in vitro RNA ligation, and for the synthesis
of short unmodified or s4U containing RNAs. A complete list
of the oligodeoxyribonucleotide sequences used is available
upon request. Synthetic RNAs used for in vitro ligations were
obtained from TriLink BioTechnologies, Inc. (San Diego, CA)
and were gel purified prior to use. The following oligonucle-
otides were used for RNase H mediated depletion of specific
snRNAs in yeast splicing extracts: L19B (U1): 5′-atcttaagg-
taagtatcctatagtgagtcgtattag-3′, SRU2 (U2): 5′-cagatactacacttg-
3′, U6d1 (U6): 5′-atctctgtattgtttcaaattgaccaa-3′.

Synthesis of RNAs and in vitro RNA ligation

In vitro transcription reactions using PCR derived DNA
templates were done using either T7 or SP6 RNA polymerase
(New England Biolabs). RNAs were then gel purified prior to
further manipulation. The purified 3′ fragment RNAs were
dephosphorylated using 0.5 U Bacterial Alkaline Phosphatase
(Amersham) per 10 pmol 5′ ends for 1 h at 37°C in 50 mM
Tris–Cl pH 8.0, phenol extracted three times, ether extracted
twice, and ethanol precipitated. In vitro transcription reactions
(300 µl) with synthetic oligodeoxyribonucleotides using T7
RNA polymerase were performed essentially as described in
(29) using either 0.2 mM UTP or s4UTP (Amersham).
Following ethanol precipitation, the RNA products were
treated with 400 U RNase T1 (Life Technologies, Inc.) for 4 h

at 37°C in 20 mM Tris–Cl pH 7.5, 1 mM EDTA, and purified
on 20% polyacrylamide gels prior to use in in vitro ligation
reactions. T4 polynucleotide kinase (New England Biolabs)
was used to phosphorylate RNAs with either unlabeled ATP or
[γ-32P]ATP (~7000 Ci/mmol, ICN). In vitro RNA ligations
were performed essentially as described in (30) using 2.0 µM
5′ RNA fragment, 1.5 µM oligo RNA(s), 0.5 µM 5′ 32P-labeled
3′ RNA fragment, and 0.5 µM bridging oligo for 2 h at 30°C.
Following gel purification of the ligated RNAs, concentrations
were calculated by assuming the RNAs had the same specific
activity as the [γ-32P]ATP used for phosphorylation of the 5′
end-labeled RNA fragment.

Splicing and UV cross-linking reactions

Yeast splicing extracts were prepared as described in (31) from
the strain YHM111 (32). Oligonucleotide-directed RNase H
depletions in yeast extracts were performed as described in
(31) using oligos L19B, SRU2 and U6d1 at final concentrations
of 550, 500 and 425 nM, respectively. Mock-depleted, Prp16-
depleted and Prp22-depleted extracts were prepared from
strain BJ2168 as described (10,11). Recombinant His-Prp16p
(0.1 mg/ml in 50 mM Tris–Cl pH 7.5, 2 mM DTT, 1 mM
EDTA, 50 mM KCl) was purified from BL21(DE3) by ammo-
nium sulfate precipitation, followed by Ni-NTA affinity chro-
matography and ion exchange chromatography (CM
Sepharose; B.Schwer, unpublished data). The Prp22 proteins
were expressed in BL21(DE3) and purified from bacterial
lysates essentially as described (10), except that all buffers
contained KCl instead of NaCl. The His-tagged Prp22 proteins
used for the splicing complementation assays are fractions
eluted from the phosphocellulose column with 50 mM Tris–Cl
pH 7.5, 2 mM DTT, 1 mM EDTA, 400 mM KCl. Prp22p
(0.2 mg/ml) was used directly, whereas Prp22p-K512A
(0.12 mg/ml in 50 mM Tris–Cl pH 7.5, 2 mM DTT, 1 mM
EDTA, 50 mM KCl) was dialyzed. Splicing reactions (10–26 µl)
contained 0.4 nM 32P-labeled pre-mRNA substrate, and were
performed as described in (31), except that only 3.0 µl whole
cell extract was used per 10 µl reaction. Following incubation at
23°C for the times indicated, reactions were stopped in an ice-water
bath prior to cross-linking. For UV cross-linking, 6–24 µl of each
splicing reaction was spotted onto a piece of parafilm covering
an ice-cold aluminum block. Droplets were then irradiated for
5 min at a distance of ~8 cm with a 365 nm UV lamp (Model
B-100AP, UV Products). Subsequently, 0.6 vol of a mixture
containing 23.5 U RNase T1/µl, 12.8 mM Tris–Cl pH 7.5,
20 mM EDTA, and 2.7× Complete™ protease inhibitor mix
(Roche) was added and reactions were incubated at 37°C for
30 min. An equal volume of 2× SDS protein gel loading buffer
was then added and the reactions frozen prior to analysis by
SDS–PAGE (33).

Immunoprecipitations

Prior to use, 40 µl of packed Protein A–agarose beads (Roche)
were washed three times with 0.8 ml ice-cold IP500 [20 mM
Tris–Cl pH 7.5, 500 mM NaCl, 0.12% (w/v) NP-40], and
resuspended in 400 µl IP500. Anti-sera (6–8 µl) was then added
and the tube containing the mixture rotated for 1.5 h at 4°C. The
beads were then washed four times with 0.8 ml ice-cold IP150
[20 mM Tris–Cl pH 7.5, 150 mM NaCl, 0.12% (w/v) NP-40]
and stored at 4°C before use. Following cross-linking and
RNase T1 digestion, an equal volume of 2× IP150 (24 µl) +
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15 µl packed protein A–agarose beads were added to the reac-
tion mixes and the volume adjusted to 400 µl with ice-cold
IP150. These mixtures were rotated at 4°C for 1 h. The beads
were then washed four times with 0.8 ml ice-cold IP150, resus-
pended in 15 µl 2× sample loading buffer, boiled, and analyzed
by SDS–PAGE. For immunoprecipitations with anti-Prp8 anti-
bodies, the bead suspension and all buffers were modified to
include 100 µg/ml heparin and 200 µg/ml BSA to reduce non-
specific binding.

RESULTS

Strategy for site-specific RNA–protein cross-linking at the
3′ splice site

In order to examine proteins closely associated with the 3′ splice
site in splicing complexes, the photochemical cross-linking
reagent s4U was incorporated in a site-specific fashion at three
different positions in the 3′ splice site region of yeast actin pre-
mRNA derivatives. The nucleotide analog, s4U, is a useful short-
range (2–3 Å) cross-linking reagent, which can be specifically
photoactivated using long wavelength UV light and efficiently
forms cross-links to both proteins and RNA (34). For each of the
actin pre-mRNA derivatives used in this study (Fig. 1), single
s4U substitutions were achieved through in vitro transcription of
a short RNA that contained only a single uridine residue in the
presence of s4UTP, followed by in vitro RNA ligation to create
full-length splicing substrates (30).

Initially, two different derivatives of the yeast actin pre-
mRNA containing a single s4U at position –3 of the actin 3′
splice site (s4U–3A–2G–1↓) were constructed (Fig. 1). These
actin pre-mRNA derivatives differ from the wild-type actin
pre-mRNA in two important aspects. First, while the distance
between the branch site adenosine and 3′ splice site (YAG↓) in
the wild-type yeast actin pre-mRNA is 43 bases, the corre-
sponding distance in the actin pre-mRNA derivatives used in

our experiments was either 13 or 47 bases; these are referred to
as the ACT13(s4UAG↓) and ACT47(s4UAG↓) substrates,
respectively. Second, in yeast pre-mRNAs where the spacing
between the branch sequence and 3′ splice site is greater than
~20 bases, the 3′ splice site is usually preceded by a uridine-
rich sequence (35) which enhances the ability of the 3′ splice
site to compete as a splice acceptor in vivo (6). In each of our
ligated actin pre-mRNA substrates (Fig. 1), the 3′ splice site
sequence is preceded by an adenosine-rich sequence that may
affect its use (see below). The adenosine-rich sequence near
the 3′ splice site of our cross-linking substrates was necessary
in our strategy for the site-specific incorporation of s4U and
was also used to avoid the unintentional introduction of any
stable secondary structure(s) near the 3′ splice site and/or
branch site sequences.

To assess the effects of the changes in branch-site to 3′ splice
site distance and the adenosine-rich tract preceding the 3′
splice site on splicing, in vitro splicing assays with the ligated
ACT13(s4UAG↓) and ACT47(s4UAG↓) substrates were
performed (Fig. 2). In both of these substrates, a unique 32P-
label located between the A and G of the 3′ splice site was
used, so that only intron containing species are detected. The
ACT13(s4UAG↓) substrate efficiently undergoes both steps of
splicing as evidenced by the production of intron lariat-3′ exon
and intron lariat RNAs (lanes 1–6). In contrast, the
ACT47(s4UAG↓) substrate accumulates the intron lariat-3′
exon intermediate and only very small amounts of intron lariat
product (lanes 7–12). The accumulation of the lariat interme-
diate indicates that this substrate efficiently undergoes the first
step of splicing, but is largely blocked at the second step. RT–
PCR analysis of RNAs produced in splicing reactions with the
ACT47(s4UAG↓) substrate confirmed that small amounts of
correctly spliced mRNA were produced (data not shown).
Comparison to the splicing activities of unmodified versions of
these substrates demonstrated that the s4U substitution at the 3′
splice site did not affect the splicing of these substrates (data

Figure 1. Sequences of the branch site-3′ splice site region of the yeast actin pre-mRNA derivatives. The sequence of the region encompassing the branch site/3′ splice
site region of the wild-type yeast actin pre-mRNA is shown for reference with the branch site adenosine in upper case. For each pre-mRNA, the branch site and 3′ splice
site consensus sequences are underlined, the position of 3′ splice site cleavage is indicated by a downward arrow, and the 3′ exon sequence is shown in italics. Spacing
between the branch sequence and 3′ splice site is measured from the branch site adenosine to the position of 3′ splice site cleavage. For each pre-mRNA constructed
by three- or four-way in vitro RNA ligations, the sequence of the 5′ and 3′ RNA fragments are shown in lower case, the sequence of the unmodified, or s4U containing,
oligo RNAs are shown in bold-face upper case and the position of the single 32P label is indicated by an asterisk. The ACT13(s

4UCAA↓) and ACT13(s
4UACG↓) sub-

strates are identical to the ACT13(s
4UCAG↓) substrate depicted here, except for a one or two base substitution in the 3′ splice site. The 3′ splice site mutant

ACM13(ACG↓) substrates are identical to the wild-type ACM13(CAG↓) substrates shown here, except for a two base substitution in the 3′ splice site.
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not shown). The inhibition of the second step with the
ACT47(s4UAG↓) substrate must therefore be caused by either
the increased distance between the branch sequence and 3′
splice site, or by a combination of this increased distance and
the adenosine-rich sequence preceding the 3′ splice site.

Novel, as well as previously identified proteins, cross-link
to the 3′ splice site in yeast splicing extracts

To identify proteins associated with the 3′ splice site, s4U-
containing 32P-labeled actin pre-mRNAs were incubated with
whole cell yeast splicing extracts under in vitro splicing condi-
tions for various times, irradiated, treated with RNase T1, and
analyzed by SDS–PAGE. A time course analysis of the 32P-
labeled proteins resulting from cross-linking to the
ACT13(s4UAG↓) and ACT47(s4UAG↓) substrates in the pres-
ence and absence of ATP is shown in Figure 3A. Cross-linked
proteins specifically associated with splicing complexes were

initially identified on the basis of their time of appearance rela-
tive to splicing products (Fig. 2) and their ATP-dependence.
No cross-linked proteins were detected when substrates
containing uridine in place of s4U were used (data not shown).
With both substrates, three prominent ATP-dependent, cross-
linked species with apparent molecular weights of ~122, ~132
and ~300 kDa are observed. Much weaker, ATP-dependent
cross-links to an ~260 kDa species are also observed with both
substrates. Small amounts of the cross-linked ~122 kDa
species can also be seen after prolonged incubation in the
absence of exogenous ATP (Fig. 3A, lane 19) and reflect a
very low ATP requirement for interaction of this protein with
the 3′ splice site region (D.S.McPheeters, unpublished data).
Two species of ~180 and 190 kDa also cross-link to these and
related cross-linking substrates (Figs 3A, 4B and 5A) in a
somewhat ATP-dependent fashion, but cross-linking of these
species was highly variable and was not investigated further.
Strikingly, with the ACT47(s4UAG↓) substrate, a strong ATP-
dependent cross-link to an ~140 kDa species is also observed
(Fig. 3A, lanes 8–13). Weak cross-linking to the ~140 kDa
species is also detected in reactions using the ACT13(s4UAG↓)
substrate (lane 7). For both substrates, analysis of lower
molecular weight proteins on higher percentage SDS–poly-
acrylamide gels revealed no other prominent ATP-dependent
cross-linked species (data not shown).

Detailed time course analysis revealed that cross-links to the
~122 kDa species appears within the first 30 s, followed by
cross-links to the ~132 kDa species at 1 min, and the ~260 and
~300 kDa species at 1.5–2 min with the ACT13(s4UAG↓)
substrate, and that cross-links to the ~132 kDa species precede
those to the ~140 kDa species with ACT47(s4UAG↓) substrate
(data not shown). The very early appearance of cross-links to
the ~122 kDa species was not anticipated, since in yeast, the 3′
splice site is not required for the first step of splicing in vitro
(27). To further characterize the association of the ~122 kDa

Figure 2. Splicing activity of actin pre-mRNA derivatives containing s4U in the
3′ splice site sequence. The ACT13(s4UAG↓) and ACT47(s4UAG↓) substrates
were incubated in splicing extract for the indicated times in the presence of 2
mM ATP. RNA species are labeled as follows: P, pre-mRNA; I(L)-E2, intron
lariat-exon2 intermediate; I(L), intron lariat product.

Figure 3. (A) Analysis of proteins that cross-link to the 3′ splice sites of the ACT13(s
4UAG↓) and ACT47(s

4UAG↓) substrates. Aliquots of the splicing reactions
shown in Figure 2 were subjected to cross-linking and the resulting 32P-labeled proteins analyzed on a 6% SDS–polyacrylamide gel. The positions of molecular
weight markers are shown on the right and the approximate apparent molecular weights of the major ATP-dependent cross-linked proteins (see text) indicated on
the left. Lane 7 shows a longer exposure of lane 5 to clearly illustrate the weak cross-linking of the ~140 kDa species to the ACT13(s

4UAG↓) substrate. (B) Analysis
of 3′ splice site cross-linking using splicing extracts depleted of the U1, U2 or U6 snRNAs. Extracts were pretreated with the indicated oligonucleotides, followed
by incubation with the indicated substrates for 10 min, cross-linking and analysis on a 6% SDS–polyacrylamide gel. (C) Immunoprecipitation analysis of proteins
that cross-link to the 3′ splice site. Samples from either 5 min splicing reactions done with the ACT13(s

4UAG↓) substrate or a 20 min splicing reaction done with
the ACT47(s

4UAG↓) substrate were used for immunoprecipitation following cross-linking. For each substrate, a portion of each reaction was removed for visuali-
zation of the total cross-linked proteins (lanes 1 and 5) prior to immunoprecipitation with either anti-Prp16p or Prp22p anti-sera. In lanes 2 and 6 anti-sera was
omitted to detect non-specific binding of 32P-labeled, cross-linked proteins to the protein A–agarose alone. A 6% SDS–polyacrylamide gel was used.
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species with early splicing complexes, cross-linking in extracts
depleted of specific snRNAs by oligonucleotide directed
RNase H cleavage was examined (Fig. 3B). No cross-linking
of the ~122 kDa species with either substrate is observed in
extracts depleted of either the U1 or U2 snRNAs (lanes 2, 3, 6
and 7). In contrast, cross-linking of the ~122 kDa species to
both substrates is observed in extracts depleted of the U6
snRNAs (lanes 4 and 8), and demonstrates the ~122 kDa
species associates with the 3′ splice site in pre-spliceosomes.
The stronger cross-linking of the ~122 kDa species in extracts
depleted of the U6 snRNA (lanes 4 and 8), compared to that
observed in untreated extracts (lanes 1 and 4), suggests that the
association of this factor with the 3′ splice site is transitory, and
does not persist in later splicing complexes.

Previous studies have demonstrated cross-linking of Prp8p
(279 kDa), Prp16p (121 kDa) and Slu7p (44 kDa) to the region
surrounding the 3′ splice site of yeast introns following the first
catalytic step (7,16). The apparent molecular weights and
timing of the cross-links observed in Figure 3A were
consistent with the ~132 and ~300 kDa species representing
Prp16p and Prp8p cross-linked to a 19–21 nt. RNase T1 frag-
ment, respectively. As shown in Figure 3C (lane 3), antibodies
directed against Prp16p immunoprecipitate the ~132 kDa
species cross-linked to the ACT13(s4UAG↓) substrate. Under
the conditions used in Figure 3C, the ~300 kDa protein was
retained in the absence of added antibody (lanes 2 and 6).
Using more stringent conditions (see Materials and Methods),
we have found that antibodies directed against Prp8p immuno-
precipitate both the ~260 and ~300 kDa species cross-linked to
the ACT13(s4UAG↓) substrate (data not shown).

The strong cross-linking of the ~140 kDa species to the
ACT47(s4UAG↓) substrate (Fig. 3A, lanes 10–13) is correlated
with the strong second step block of this substrate (Fig. 2).
Recently, a requirement for the DExH-box helicase Prp22p in
the second step of pre-mRNA splicing has been described (10).
The apparent molecular weight of the ~140 kDa species is
close to that predicted for Prp22p (130 kDa) cross-linked to the
labeled 21 nt. RNase T1 fragment (~6 kDa) of the
ACT47(s4UAG↓) substrate. Immunoprecipitation of the cross-
linked ~140 kDa species from reactions containing the
ACT47(s4UAG↓) substrate with anti-Prp22p sera demonstrate
that this band is Prp22p (Fig. 3C, lane 8; see Discussion).

The profile of proteins that cross-link to a 3′ splice site
mutant changes

The very weak cross-linking of Prp22p to the ACT13(s4UAG↓)
substrate suggests that the association of Prp22p with the 3′
splice site may occur transiently prior to the second catalytic
step, and not persist following its completion. To examine this
possibility, we constructed several 3′ splice site mutant deriva-
tives of the ACT13 substrate to determine if the cross-linking of
Prp22p could be enhanced by blocking the second step. To
facilitate the construction of mutant substrates, the position of
the s4U was shifted upstream by one base to position –4, and
the wild-type actin 3′ splice site consensus sequence changed
from UAG↓ to CAG↓. Four-way in vitro RNA ligations using
a second short downstream RNA were used to create a 3′ splice
site mutant (s4UCAA↓) and the corresponding wild-type
(s4UCAG↓) versions of the ACT13 substrate (Fig. 1). Compar-
ison of the splicing activity of these substrates (Fig. 4A)
demonstrates that while the ACT13(s4UCAG↓) substrate was

active in both steps of splicing, the ACT13(s4UCAA↓)
substrate was completely blocked for the second step.

Comparison of the pattern of proteins that cross-link to the
ACT13(s4UCAG↓) and ACT13(s4UCAA↓) substrates (Fig. 4B),
to those with the ACT13(s4UAG↓) substrate (Fig. 3A, lanes 1–
6), shows that the shift of the s4U from position –3 to –4 results
in an almost identical pattern of cross-linked proteins. The
most notable difference is the replacement of the unidentified
~122 kDa species by a doublet with slightly increased
mobility. In other experiments, we have determined both bands
in this doublet to be identical to the ~122 kDa species
(D.S.McPheeters, unpublished data). Mutation of the 3′ splice
site in this substrate [ACT13(s4UCAA↓), lanes 9–12], results in
the accumulation of cross-links to Prp16p and Prp8p, and a
dramatic accumulation of cross-links to the ~140 kDa species
(lanes 8–13). Antibodies directed against Prp22p were found to
efficiently immunoprecipitate this ~140 kDa cross-linked
species (data not shown, see Discussion). Weak cross-linking
of this ~140 kDa species to the wild-type ACT13(s4UCAG↓)
substrate is also observed (Fig. 4B, lane 7). The large increase

Figure 4. Splicing activity and analysis of proteins that cross-link to a wild-
type and a 3′ splice site mutant pre-mRNA substrate. (A) Splicing assays were
performed for the times indicated with either the wild-type ACT13(s

4UCAG↓)
substrate (lanes 1–6) or the 3′ splice site mutant ACT13(s

4UCAA↓) substrate
(lanes 7–12) in the presence of 2 mM ATP. RNA species are labeled as in Fig-
ure 2. (B) Aliquots of each of the splicing reactions shown in (A) were cross-
linked and the resulting 32P-labeled proteins analyzed on a 6% SDS–polyacry-
lamide gel. Lane 7 is from a darker exposure of the 20 min time point with the
ACT13(s

4UCAG↓) substrate. On the original autoradiograph, clear separation
of Prp16p and Prp22p is visible. In the comparison of proteins cross-linked to
the ACT13(s

4UCAG↓) and ACT13(s
4UCAA↓) substrates, note that the relative

migration of some of the cross-linked species seen with the 3′ splice site
mutant is decreased due to the increased size (18 versus 24 nt) of the 32P-
labeled RNase T1 fragment.
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in cross-linking of Prp22p is consistent with the weak cross-
linking of Prp22p to functional 3′ splice sites (Figs 3A and 4B)
resulting from a transient interaction prior to the second catalytic
step. With the ACT13(s4UCAA↓) substrate, the cross-linking
of the ~122 kDa doublet decreases at later time points in
concert with the appearance of cross-links to Prp16p, Prp8p
and Prp22p (Fig. 4B, lanes 8–13). A similar trend in cross-
linking of Prp16p, Prp8p, Prp22p and the ~122 kDa species is
observed with the ACT47(s4UAG↓) substrate (Fig. 3A, lanes
8–13). The reciprocal nature of these cross-links suggests a
possible precursor–product relationship, i.e. that the association of
Prp16p, Prp8p or Prp22p with the 3′ splice site may normally
displace the ~122 kDa species.

The interaction of Prp22p with the 3′ splice site is dependent
on Prp16p, but not on ATP-hydrolysis by Prp22p

As noted in the introduction, genetic and biochemical studies
have demonstrated that Prp16p, Prp17p, Slu7p, Prp18p and
Prp22p function prior to the second catalytic step of splicing.
On the basis of differential ATP requirements, Prp16p and
Prp17p appear to function in an ATP-dependent step that
precedes an ATP-independent step(s) involving Slu7p, Prp18p
and Prp22p (10,13,16). To determine if the cross-linking of
Prp22p to the 3′ splice site coincides with the biochemical
requirement for Prp22p in the ATP-independent step that
occurs following ATP hydrolysis by Prp16p, cross-linking was
performed in splicing extracts immunodepleted of either
Prp16p (Prp16∆) or Prp22p (Prp22∆). Using the
ACT13(s4UCAG↓) substrate, strong cross-links to the ~122
kDa species, Prp16p and Prp8p are observed in control extracts
(Fig. 5A, lanes 1 and 2). Depletion of Prp16p blocks the second
step with the wild-type ACT13(s4UCAG↓) substrate (Fig. 5B,
lane 3) and abolishes cross-linking to Prp16p (Fig. 5A, lane 3),
but does not noticeably affect the cross-linking of other
species. Despite the second step block with this substrate in the
Prp16∆ extract, no strong cross-linking of Prp22p is observed
(Fig. 5A, lane 3). As a control, reconstitution of splicing
activity in the Prp16∆ extract by the addition of purified
Prp16p results in cross-links to a species with slightly
increased molecular weight due to the presence of a His-tag on
the purified protein, and allows completion of the second step
(Fig. 5A and B, lane 4). This result shows that interaction of
Prp22p with the 3′ splice site is not simply a consequence of
the second step block, but is dependent on Prp16p. Consistent
with this, the cross-linking of Prp16p was not affected in
Prp22∆ extracts (Fig. 5A, lane 5; data not shown). In agree-
ment with previous experiments showing that Prp22p is not
required for the second step of splicing with substrates having
branch site-3′ splice site intervals of <21 nt. (10), depletion of
Prp22p does not block the second step of splicing with the
wild-type ACT13(s4UCAG↓) substrate (Fig. 5B, lane 5).

Because only weak cross-linking of Prp22p to the 3′ splice
sites of pre-mRNAs functional in the second step is observed,
the effects of Prp16p and Prp22p depletion were also examined
using an ACT13(s4UACG↓) mutant substrate. As expected
from the second step block with this substrate (Fig. 5B, lanes
8–14), strong cross-linking of Prp8p, Prp16p and Prp22p is
observed in control extracts (Fig. 5A, lanes 8 and 9). Depletion
of Prp16p abolishes cross-linking to both Prp16p and Prp22p,
but does not appreciably affect the cross-linking to Prp8p (lane
10). This confirms that the association of Prp22p, but not

Prp8p, with the 3′ splice site is absolutely dependent on
Prp16p. Depletion of Prp22p does not abolish cross-linking of
either Prp16p or Prp8p (lane 12), demonstrating the association
of Prp16p and Prp8p with the 3′ splice site is independent of
Prp22p. Addition of His-tagged Prp16p to the Prp16∆ extract
results in the appearance of a tightly spaced doublet in which
the upper band corresponds to Prp22p and the lower band
corresponds to the His-tagged Prp16p (Fig. 5A, lane 11). In
contrast to previous studies (16), no significant increase in
cross-linking of Prp8p to the 3′ splice site was observed
following addition of purified Prp16p. Addition of purified
Prp22p to the Prp22-depleted extract results in cross-links to a
species with slightly increased molecular weight due to the
presence of a His-tag on the purified protein (Fig. 5A, lane 13).
This result confirms the identity of the ~140 kDa species as

Figure 5. Cross-linking analysis in depleted extracts. (A) Cross-linking assays
were performed in the indicated control (YHM111), mock depleted (∆mock),
Prp16p (∆Prp16p) or Prp22p depleted (∆Prp22p), or reconstituted extracts
using the indicated substrates. All samples were analyzed following a 10 min
incubation at 23°C. Cross-linked 32P-labeled proteins in control and reconsti-
tuted extracts were analyzed on a 6% SDS–polyacrylamide gel. In this experi-
ment, an undiluted, undialyzed sample of recombinant His-tagged Prp22p
protein was used that caused an overall inhibition of splicing activity as well as
cross-linking. In other experiments (data not shown), normal splicing activity
and cross-linking to the HIS-tagged Prp22p at levels comparable to the K512A
mutant protein are observed using 5- or 10-fold dilutions of the recombinant
protein. On the original autoradiograph, clear separation of the His-tagged
Prp16p and Prp22p in the tightly spaced doublet in lane 11 is visible. (B) Splic-
ing assays of the samples used for cross-link analysis. RNA species are labeled
as in Figure 2.
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Prp22p and agrees with previous biochemical studies demon-
strating Prp22p functions after Prp16p in the second step (10).

Previous biochemical studies have established that ATP-
hydrolysis by Prp22p is not required prior to the second step of
splicing (10). To verify that ATP-hydrolysis by Prp22p is not
required for the observed cross-linking of Prp22p to the 3′
splice site, we tested the effects of an ATPase defective version
of Prp22p (K512A). Addition of purified His-tagged Prp22p-
K512A to a Prp22p∆ extract resulted in strong cross-linking of
the protein to the ACT13(s4UACG) substrate (Fig. 5A, lane 14),
confirming that ATP-hydrolysis by Prp22p is not required for
cross-linking.

Following the second catalytic step, ATP-hydrolysis by
Prp22p is required for release of mRNA from the spliceosome
(10). To determine if the observed interaction of Prp22p with
intron sequences at the 3′ splice site may be involved in mRNA
release from the spliceosome, we also examined the effects of
the K512A mutation on cross-linking to the wild-type
ACT13(s4UCAG↓) substrate. Consistent with the proposed
transient association of Prp22p with 3′ splice sites during
normal splicing, only very weak cross-linking of wild-type
Prp22p is observed in control extracts (Fig. 5A, lanes 1 and 2;
data not shown). If this interaction between Prp22p and intron
sequences at the 3′ splice site is involved in mRNA release
following completion of the second catalytic step, addition of
the mutant Prp22p-K512A protein to a Prp22∆ extract should
result in a dramatic accumulation of cross-links in reactions
with the wild-type ACT13(s4UCAG↓) substrate because
mRNA release is blocked. However, no accumulation of cross-
links to the mutant protein are observed (lane 7), suggesting
the association of Prp22p with intron sequences at the 3′ splice
does not persist following completion of the second catalytic
step.

To partially define the extent of Prp22p’s association with
the 3′ splice site prior to the second catalytic step, we examined
the cross-linking of Prp22p to the exon sequences adjacent to
the 3′ splice site. A derivative of the ACT13 substrate was
constructed in which the 3′ exon sequences adjacent to the 3′
splice site were altered to allow placement of a single s4U
residue at either position –4 in the intron, or at position +2 in
the 3′ exon. The wild-type and 3′ splice site mutant derivatives
of these substrates are designated ACM13(CAG↓) and
ACM13(ACG↓), respectively (Fig. 1). Cross-linking assays
with these substrates containing s4U at either position –4 or +2
at the 3′ splice site are shown in Figure 6. Consistent with our
previous results (Figs 3–5), cross-linking of the ~122 kDa
species, Prp16p, and Prp8p to the wild-type ACM13(CAG↓)
substrate is observed with s4U at position –4 (Fig. 6, lane 2).
Mutation of the 3′ splice site in the ACM13 (ACG↓) substrate
with s4U at position –4 results in a strong block to the second
step of splicing (data not shown) and the appearance of strong
cross-links to Prp22p (lane 1). When the position of the s4U in
these substrates is shifted to position +2 within the 3′ exon,
cross-linking to the ~122 kDa species, Prp16p and Prp8p is
observed with the both the wild-type and mutant ACM13
substrates (lanes 3 and 4). In the 3′ splice site mutant substrate
with the s4U at position +2 however, no accumulation of cross-
links to Prp22p is observed (lane 3). With the wild-type ACM13
substrate, very weak cross-linking to position +2 within the 3′
exon by a species with mobility similar to Prp22p is observed
(lane 4), but the identity of this species has not been established.

Overall, these results suggest that at prior to the second
catalytic step, the interaction of Prp22p with intron sequences
at the 3′ splice site does not extend into the adjacent 3′ exon
sequences.

DISCUSSION

Using site-specific incorporation of a single 32P-label and the
photoactivatable cross-linking reagent s4U, we have explored
the association of factors with the 3′ splice site region of the
yeast actin pre-mRNA during nuclear pre-mRNA splicing. It is
unknown at precisely which stage of spliceosome assembly the
3′ splice site of introns is first recognized in yeast, although it
is clear that cleavage of the 5′ splice site and formation of the
lariat intermediate can occur in the absence of a 3′ splice site
(27). In mammalian splicing extracts, a 3′ splice site AG is
required prior to the first catalytic step if no long polypyrimi-
dine tract is present (36) and the 3′ splice site AG can be cross-
linked to an unidentified 100 kDa protein in pre-spliceosomes
(21). Recent experiments have established that in metazoan
introns, the 3′ splice site AG is recognized in a sequence-
specific manner during pre-spliceosome formation by U2AF35

(23–25). Although no homolog of U2AF35 exists in Saccharo-
myces cerevisiae (26), the experiments presented here demon-
strate that in the yeast pre-spliceosome, the 3′ splice site is
contacted in an ATP-dependent manner by an unidentified
~122 kDa protein. Notably, this interaction is independent of
the distance between the 3′ splice site and branch site, as it
occurs with both the ACT47(s4UAG↓) as well as
ACT13(s4UAG↓) substrates (Fig. 3A). This independence
suggests the 3′ splice site of yeast introns may be specifically
contacted much earlier than previously envisaged (27).
Whereas cross-linking of 100 kDa mammalian protein to the 3′
splice site AG in pre-spliceosomes is sensitive 3′ splice site

Figure 6. Cross-linking of proteins to the wild-type and mutant ACM13
substrates containing s4U at position –4 within the intron (lanes 1 and 2) or
position +2 within the 3′ exon (lanes 3 and 4). Cross-linking assays were
performed after incubation of reaction in the presence of 2 mM ATP for 12 min
and samples were analyzed on a 7% SDS–polyacrylamide gel.
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mutations (21), cross-links to the ~122 kDa yeast pre-spliceo-
some protein are not (Figs 4 and 5), and suggest these factors
may be unrelated. Experiments to identify and further charac-
terize this ~122 kDa component of the yeast pre-spliceosome
are currently in progress.

Previous cross-linking studies have established that both
Prp16p and Prp8p are closely associated with the 3′ splice site
following the first catalytic step (7,16). Our experiments have
shown that an additional ~140 kDa species is associated with
intron sequences at the 3′ splice site following the first cata-
lytic step (Figs 3–6). Our identification of this ~140 kDa band
as Prp22p is based upon several lines of evidence. First, the
observed size (~140 kDa) is consistent with that predicted for
Prp22p (130 kDa) cross-linked to an 18–24 nt RNase T1 frag-
ment. Second, the ~140 kDa species is efficiently immunopre-
cipitated by antibodies directed against Prp22p. Finally, while
depletion of Prp22p from splicing extracts results in loss of
cross-linking to the ~140 kDa species, addition of purified
Prp22p results in the restoration of cross-linking to a species
with slightly decreased mobility consistent with the presence
of a His-tag on the recombinant protein.

In vitro studies have defined at least two distinct stages that
occur prior to the second catalytic step. The first stage involves
Prp17 and Prp16p and is ATP-dependent (13,37), while the
second stage is ATP-independent and involves Slu7p, Prp18p
and Prp22p (10,11,15). ATP-hydrolysis by Prp16p in the pres-
ence of Slu7, Prp18p and Prp22p leads to a conformational
change in the spliceosome that results in the protection of the
3′ splice site region from oligonucleotide-mediated RNase H
cleavage (10,11,15,37). These protection experiments have
utilized an actin intron with a 3′ splice site mutation in order to
circumvent the normally rapid conversion of lariat intermedi-
ates to mature mRNA (37). Our experiments have shown that
Prp22p cross-links to the 3′ splice site (Figs 3–5) in a manner
dependent on Prp16p (Fig. 5). The strong cross-linking of
Prp22p to non-functional 3′ splice sites suggests that the
protection of the 3′ splice site region from oligonucleotide-
mediated RNase H cleavage previously observed may be a
direct consequence of the interaction of Prp22p with the 3′
splice site region. With our cross-linking substrates (Fig. 1),
we have not detected cross-linking of Slu7p to the 3′ splice site
region as has been previously reported (D.S.McPheeters,
unpublished data; 16). This apparent discrepancy, as well as
differences in cross-links to the 3′ splice site between yeast and
mammalian systems (7,16,17,21,22), is most likely due to
differences in the photochemistry of the cross-linking reagents
used. This, and differences in splicing substrates, may also
explain our failure to detect the previously observed increase in
Prp8 cross-linking following addition of Prp16p to a Prp16p-
depleted extract (16). Whatever the reason for these differences, it
is clear that use of a variety of cross-linking reagents,
substrates, and other approaches will be necessary to fully
uncover the many interactions involved in 3′ splice site selec-
tion.

It has been proposed that prior to the second catalytic step,
Slu7p, Prp18p and Prp22p may act to either form a bridge, or
stabilize interactions of factors bound to the branch site and
distal 3′ splice site sequences (10,11,15). The dependence of
the biochemical requirement in the second step for these
factors on the distance between the branch site and 3′ splice
site suggests they are involved in an early, as opposed to late,

step in 3′ splice site selection. The recent finding that metazoan
extracts depleted of the human homolog of Slu7p (hSlu7)
utilize incorrect 3′ splice sites is consistent with such multiple
steps being involved in 3′ splice site recognition (38). It is
unknown if or how any of these factors contribute directly to
sequence specific recognition of the consensus YAG↓
sequence at the 3′ splice site. Our data show that Prp22p can be
cross-linked to varying extents to a variety of different 3′ splice
site sequences, including UAG↓, CAG↓, CAA↓ and ACG↓.
The ability of Prp22p to cross-link to several different 3′ splice
site sequences suggests that this association itself is largely
non-sequence specific and likely occurs in part of a larger
complex (see below). Although Prp22p is not required for the
second step of splicing with our ACT13(s4UCAG↓) substrate,
we have repeatedly observed weak cross-linking of Prp22p to
this, and related substrates (Fig. 5). Inhibition of the second
step by 3′ splice site mutations in the ACT13 substrates, or
alteration of the branch site-3′ splice site spacing and inter-
vening sequence in the ACT47(s4UAG↓) substrate, results in
greatly enhanced cross-linking of Prp22p (Figs 3–5). This
increase in cross-linking of Prp22p upon inhibition of the
second step suggests that the weak cross-linking of Prp22p
reflects a normal, but transient association of Prp22p with
functional 3′ splice sites prior to the second step. It is also
possible that the increased cross-linking of Prp22p to
substrates unable to undergo the second step represents a non-
specific interaction of Prp22p with sequences downstream of
the branch site in substrates lacking functional 3′ splice sites.
However, such non-specific interaction of Prp22p seems
unlikely given the absence of Prp22p cross-linking to exon
sequences in a substrate with a mutant 3′ splice site (Fig. 6).

Current evidence suggests the intron and/or exon sequences
flanking the 3′ splice site may be recognized prior to the
second step by a complex consisting of the U5 snRNA, Prp8p,
Prp16p, Slu7p, Prp18p and Prp22p. With functional 3′ splice
sites, cross-linking of Prp22p is weak because this 3′ splice site
recognition complex assembles only transiently before the 3′
splice site is bound by the active site of the spliceosome. We
suggest the strong cross-linking of Prp22p to the mutant 3′
splice sites of our ACT13 and ACM13 substrates, or the non-
mutant 3′ splice site of the ACT47 substrate, represents the
‘dead-end’ assembly of this intermediate complex involved in
3′ splice site recognition. In the ACT13 and ACT47 substrates,
the next AG dinucleotides downstream from the normal 3′
splice site are 58 and 92 nt, respectively, from the branch site
adenosine. Such spacing is near the upper bound of that
normally observed in yeast introns (4), and is much greater
than the optimal in vivo spacing of 18–22 nt determined by
Luukkonen and Seraphin (5). In the absence of an appropri-
ately spaced YAG, a closely related sequence located within a
reasonable distance from the branch site may direct assembly
of 3′ splice site recognition complexes. In agreement with this
interpretation, correct 3′ splice site choice in yeast is frequently
maintained even when mutant 3′ splice site sequences are
presented (5,39). In a separate study, we have found very effi-
cient and correct in vivo use of mutant 3′ splice sites that are
spaced 12 nt from the branch site adenosine (J.S.Chang and
D.S.McPheeters, manuscript in preparation). Mutations in
Prp8p (18–20), as well as the U5, U2 and U6 snRNAs (40–42;
J.S.Chang and D.S.McPheeters, manuscript in preparation) can
activate the use of mutant 3′ splice sites. In total, these data are
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consistent with a hierarchy of multiple, redundant interactions
involved in 3′ splice site selection.

Our experiments have shown that the association of Prp22p
with the mutant 3′ splice site of the ACM13(ACG↓) substrate is
not likely to extend into the 3′ exon prior to the second cata-
lytic step (Fig. 6). Following the second catalytic step, ATP-
hydrolysis by Prp22p is required for release of mature mRNA
from the spliceosome even when the branch site to 3′ splice site
spacing is short (10). We have found that an ATPase deficient
version of Prp22p (K512A) fails to accumulate cross-links to a
substrate proficient in the second step (Fig. 5A), suggesting
that the association of Prp22p with intron sequences at the 3′
splice site changes following completion of the second step.
Following the second step, the RNA helicase activity of
Prp22p has been proposed to break contacts made by the U5
snRNA and exon sequences adjacent to the 3′ splice site (10).
In light of this proposal, one possible interpretation of our data
is that the interaction of Prp22p with the 3′ splice site may shift
from intron to exon sequences following the second catalytic
step. Further experiments will be necessary in order to test this
hypothesis.
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