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ABSTRACT

A U5 snRNP protein, hPrp8, forms a UV-induced crosslink with the 5 9 splice site (5 9SS) RNA within splicing complex
B assembled in trans - as well as in cis -splicing reactions. Both yeast and human Prp8 interact with the 5 9SS, branch
site, polypyrimidine tract, and 3 9SS during splicing. To begin to define functional domains in Prp8 we have mapped
the site of the 5 9SS crosslink within the hPrp8 protein. Immunoprecipitation analysis limited the site of crosslink to
the C-terminal 50–60-kDa segment of hPrp8. In addition, size comparison of the crosslink-containing peptides gen-
erated with different proteolytic reagents with the pattern of fragments predicted from the hPrp8 sequence allowed for
mapping of the crosslink to a stretch of five amino acids in the C-terminal portion of hPrp8 (positions 1894–1898). The
site of the 5 9SS:hPrp8 crosslink falls within a segment spanning the previously defined polypyrimidine tract recog-
nition domain in yPrp8, suggesting that an overlapping region of Prp8 may be involved both in the 5 9SS and poly-
pyrimidine tract recognition events. In the context of other known interactions of Prp8, these results suggest that this
protein may participate in formation of the catalytic center of the spliceosome.
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INTRODUCTION

Removal of introns from eukaryotic pre-mRNA is cata-
lyzed by a multicomponent complex termed the splice-
osome+A set of small nuclear ribonucleoprotein (snRNP)
particles U1, U2, and U4/U5/U6 snRNPs, accompa-
nied by a number of protein factors, bind to pre-mRNA
in a stepwise fashion (reviewed in Moore et al+, 1993;
Nilsen, 1994)+

Correct splicing of mRNA precursors depends on the
precise recognition of sequence elements that direct
assembly of the spliceosome and represent the sub-
strates for the reaction+ One of them, the 59 splice site
(59SS), defines the exon/intron junction and represents
the substrate for the first step of splicing+ The initial
base pairing between U1 snRNA and the 59SS formed
in splicing complex E is subsequently disrupted and
replaced by the interaction of the 59SS with U4/U5/U6
snRNP within splicing complex B+ A specific base-
pairing interaction between nucleotides in the con-
served ACAGAG sequence of U6 snRNA and the intron
bases at the 59SS was demonstrated both by genetic
and biochemical analyses (Kandels-Lewis & Séraphin,

1993; Konforti et al+, 1993; Lesser & Guthrie, 1993;
Sontheimer & Steitz, 1993)+ Furthermore, exon se-
quences at the 59SS are thought to interact with the
conserved loop 1 in U5 snRNA (see Newman, 1997)+
In yeast, this interaction is dispensable for the first, but
essential for the second catalytic step in vitro (O’Keefe
et al+, 1996)+ Finally, the most highly conserved ele-
ment in the 59SS sequence, the GU dinucleotide at the
59 end of the intron, is implicated in interactions with U6
and U2 snRNAs (Sontheimer & Steitz, 1993; Kim &
Abelson, 1996; Luukkonen & Séraphin, 1998a, 1998b)+
The U5 snRNP-specific yeast Prp8 protein and its mam-
malian homolog hPrp8 (also termed p220) interact with
the 59SS, branch site, polypyrimidine tract, and 39SS
regions (e+g+,Wyatt et al+, 1992; MacMillan et al+, 1994;
Teigelkamp et al+, 1995a; Chiara et al+, 1996; Reyes
et al+, 1996; Umen & Guthrie, 1996)+ Thus, Prp8 is the
only splicing factor known to interact with all the impor-
tant pre-mRNA sequences+ Its role in the recognition of
the 59SS is the subject of the present study+

A simplified in vitro system in HeLa cell nuclear ex-
tracts was used to study interactions between the 59SS
and spliceosomal components+ A short RNA oligonu-
cleotide comprising the 59SS consensus sequence
(59SS RNA, A5G/GUAAGUAdTdC3, where / repre-
sents the exon/intron junction), in the presence of a
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longer RNA containing the branch site, polypyrimidine
tract, and 39SS (39SS RNA), induces formation of splic-
ing complex B and undergoes both steps of splicing in
trans (Konforti & Konarska, 1995)+ Upon UV irradiation
of these trans-splicing reactions, the 59SS RNA be-
comes crosslinked to hPrp8 within splicing complex B+
The site of crosslink maps to the highly conserved GU
dinucleotide at the 59 end of the intron (Reyes et al+,
1996)+ This interaction is remarkably specific since sub-
stitution of the uridine residue within the GU with thy-
midine or 5-iodo-uridine diminishes the 59SS RNA
interaction with hPrp8+ This effect is correlated with a
decreased splicing efficiency of the modified 59SS RNA
in the trans-splicing assay (Reyes et al+, 1996)+

Here we show that the same crosslink can also be
detected in cis-splicing reactions and that the 59SS
RNA:hPrp8 interaction occurs only in the context of the
59SS sequence capable of other important interactions
within the spliceosome+ These data suggest a highly
specific recognition of the GU dinucleotide by hPrp8 in
the broader context of multiple interactions between
the 59SS and other spliceosomal components+ Thus, to
identify the region of hPrp8 involved in this interaction
with the 59SS, we have mapped the site of the 59SS
crosslink within the hPrp8 amino acid sequence+ First,
we have used an antibody against the C-terminal
segment of hPrp8 to narrow down the location of the
crosslink to the C-terminal 50–60-kDa region+ Second,
we have performed an extensive series of enzymatic
and chemical proteolytic digestions of the 59SS:hPrp8
crosslink+ Size comparison of the resulting crosslink-
containing peptides with the hPrp8 sequence allowed
for a more precise mapping of the crosslink to a stretch
of 5 amino acids (positions 1894–1898) in the C-terminal
region of the protein+ The site of the 59SS:hPrp8 cross-
link corresponds to a segment within the previously
defined polypyrimidine tract recognition domain in yPrp8
(Umen & Guthrie, 1996), suggesting that an overlap-
ping region of Prp8 may also be involved in the 59SS
recognition+

RESULTS

hPrp8 crosslinks to the 5 9 splice site GU
dinucleotide in cis -spliceosomes

To further characterize the interaction between hPrp8
and the GU dinucleotide at the 59 end of the intron, we
analyzed the time course of appearance of the 59SS:
hPrp8 crosslink in trans-splicing reactions (Fig+ 1A)+
The 3 min irradiation with 254-nm UV light (as opposed
to 15 min used previously; Reyes et al+, 1996) yields
lower levels of the 59SS RNA:hPrp8 crosslink but more
precisely reflects the selected time points of incuba-
tion+ After irradiation, the crosslinked products were
directly resolved in a 10% acrylamide/SDS gel+ The
59SS RNA:hPrp8 crosslink appears early in the reac-

tion (5 min), reaches a maximal level at 10 min, and
then slowly decreases over time (Fig+ 1A)+ The major
;97-kDa crosslink detected in these reactions is not
stably associated with spliceosomes because it is not
detected in complex B resolved in native gels (Reyes
et al+, 1996) and it can be separated from splicing com-
plexes upon centrifugation through glycerol cushions
(data not shown and Sha et al+, 1998)+ The 59SS RNA:
hPrp8 crosslinking profile parallels that of the splicing
complex B formation (data not shown), consistent with
the finding that interaction of hPrp8 with the 59SS RNA
occurs within complex B (Reyes et al+, 1996)+ How-
ever, the efficiency of crosslinking decreases prior to
the appearance of splicing intermediates and products
(Fig+ 1B), indicating that the 59SS RNA:hPrp8 inter-
action is disrupted or changed at the later stages of
splicing+ Since even minor changes in the local physi-
cal environment may affect crosslinking, this loss of
crosslink formation does not necessarily indicate that
the 59SS:hPrp8 interaction is discontinued after com-
plex B formation+ In fact, hPrp8 was shown to interact
with the 59 exon nucleotides even at the stage of splic-
ing catalysis (Wyatt et al+, 1992)+

Because the cis- and trans-splicing systems may dif-
fer in the details of the 59SS recognition, we tested
whether the GU dinucleotide:hPrp8 interaction observed
in trans-splicing reactions can also be detected in the
context of a full-length pre-mRNA cis-splicing sub-
strate+ We have constructed a cis-splicing pre-mRNA
based on the bimolecular substrates used in trans-
splicing reactions+ This substrate (213 nt) was gener-
ated by a DNA oligonucleotide-assisted ligation (Moore
& Sharp, 1992) of the standard 59SS RNA oligonucle-
otide (A5G/GUAAGUAdT) 32P-labeled at the 59 end,
with the 39SS RNA transcript containing sequences de-
rived from the second intron (145 nt) and third exon
(54 nt) of the rabbit b-globin gene+ Splicing reactions
using such a 59 end-labeled pre-mRNA were UV irra-
diated for 3 min and subjected to RNase A digestion
prior to resolving the crosslinked products in a 10%
acrylamide/SDS gel (Fig+ 1C)+ Upon digestion with
RNase A, only the crosslink products formed upstream
of position U12 (p*A5G/GU) are detectable+ A clearly
visible 59SS RNA:hPrp8 crosslink present in RNase
A-treated reactions (Fig+ 1C) is not detectable upon
RNase T1 treatment (data not shown), effectively lim-
iting the site of crosslinking within the RNA to the GU
dinucleotide at the 59 end of the intron+ Splicing effi-
ciency cannot be accurately determined using the 59
end-labeled substrate since only formation of the ligated-
exons product can be monitored+ To follow the accu-
mulation of lariat intermediates and products (Fig+ 1D),
a uniformly 32P-labeled pre-mRNA transcript contain-
ing 20 nt 59 exon, 191 nt intron, and 54 nt 39 exon of
b-globin was prepared by transcription (see Materials
and Methods)+ In addition, a pre-mRNA generated by
ligation of the 39 end 32P-labeled 59SS RNA oligonu-
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cleotide to a 39SS RNA transcript, yielding 6 nt 59 exon,
153 nt intron, and 54 nt 39 exon RNA, has also been
tested and shown to participate in splicing as efficiently
as substrates generated by transcription (data not
shown)+

These results demonstrate that the interaction be-
tween hPrp8 and the GU dinucleotide at the 59 end of
the intron is detected both in trans-splicing (Reyes
et al+, 1996) and in cis-splicing reactions (Fig+ 1)+ As in
the case of trans-splicing, the appearance of the 59SS
RNA:hPrp8 crosslink in cis-splicing reactions coincides
with complex B formation (data not shown) and peaks
before the onset of splicing catalysis (Fig+ 1C,D)+

Crosslinking of hPrp8 to the 5 9SS RNA
within splicing complex B requires a
splicing-competent 5 9SS sequence

Crosslinking of the 59SS RNA to hPrp8 within the
spliceosome-like complexes was detected using the

59SS consensus sequence+ Mutations of the GU dinu-
cleotide, as well as minor modifications of the U at
position 12, interfere with complex formation and cross-
linking to hPrp8 (Reyes et al+, 1996)+ However, what
elements of the functional 59SS RNA are required,
and whether the GU dinucleotide alone is sufficient to
promote the interaction of the 59SS RNA with hPrp8
has not been analyzed in detail+ To determine whether
crosslinking of hPrp8 to the 59 end of the intron re-
quires a full-length consensus 59SS signal, we tested
several derivatives of the 59SS RNA in crosslinking ex-
periments+ The selected 59SS RNA oligonucleotides
contained either a shortened intron that exhibits a di-
minished potential for base pairing with U6 snRNA or a
shortened 59 exon sequence (Fig+ 2)+ All 59SS RNAs
were incubated under trans-splicing conditions in the
presence of the 39SS RNA and allowed to form splicing
complex B+Aliquots of the reactions were UV irradiated
and resolved in a native gel to determine the efficiency
of complex B formation (Fig+ 2A) or in a 12% SDS gel

FIGURE 1. Kinetics of the 59SS RNA:
hPrp8 crosslink formation+ Trans-splicing
reactions, containing the 39 end labeled
59SS RNA (A and B) or cis-splicing re-
actions containing 59 end labeled (C) or
internally labeled (D) pre-mRNA were in-
cubated for the times indicated and UV
(254 nm) irradiated for 3 min+ Samples
were directly resolved in a 10% SDS gel
(A and C)+ Alternatively, reactions were
phenol extracted and RNA products of
splicing resolved in a 10% polyacryl-
amide/8 M urea gel (B and D)+
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to monitor crosslinking to hPrp8 (Fig+ 2B)+ In parallel,
aliquots of these reactions were treated with RNase A
to confirm the location of the hPrp8 crosslink within the
59SS RNA (Fig+ 2C)+

The full-length 59SS RNA (A5G/GUAAGUAdTdC3),
which efficiently assembles splicing complexes, partici-
pates in both catalytic steps, and crosslinks to hPrp8,
was used as a reference for all subsequent experi-
ments (Fig+ 2A–C, lane 1)+ First, we analyzed the effect
of shortening the intron portion of the 59SS RNA+ Intron
positions 14 to 18 in the 59SS have been shown to
interact with U6 snRNA during splicing (Kandels-Lewis
& Séraphin, 1993; Konforti et al+, 1993; Lesser & Guth-
rie, 1993; Sontheimer & Steitz, 1993; Crispino & Sharp,
1995)+ Deletion of these nucleotides is expected to de-

crease the ability of such 59SS RNAs to act as splicing
substrates+ In fact, as the potential base pairing of the
59SS RNA to U6 snRNA is reduced, so is the efficiency
of trans-splicing (data not shown), complex B forma-
tion, and crosslinking to hPrp8 (Fig+ 2, lanes 2 and 3)+
Deletion analysis of the 59 exon nucleotides showed a
similar effect+ Specifically, exon length reduction from 6
to 3 or 1 nt also resulted in a marked decrease in
trans-splicing efficiency (data not shown and Konforti
& Konarska, 1995), complex formation, and crosslink-
ing to hPrp8 (Fig+ 2, lanes 1, 4, and 5, respectively)+
Interestingly, a substrate with no exon nucleotides (in-
tron only), but containing an 11 nt intron, exhibited a
reduced level of complex B formation and crosslinking
to hPrp8, comparable to that of the substrate with a
single exon nucleotide and a shorter (8 nt) intron
(compare Fig+ 2, lanes 5 and 6)+ For comparison, we
have also used a 59SS RNA substrate containing the
G15 r U mutation, which is expected to interfere with
base pairing to U6 snRNA+ This mutation also results in
a reduced level of splicing (data not shown), complex B
formation, and crosslinking to hPrp8, but the effect is
less dramatic than that observed with the above men-
tioned deletions (compare Fig+ 2, lanes 5 and 6 to
lane 7)+ Thus, the sole presence of a GU at the 59 end
of the intron does not suffice for its efficient interaction
with hPrp8, as defined by the ability to form the cross-
link+ These results indicate that the interaction of hPrp8
with the GU dinucleotide has to occur in the context of
a functional 59SS capable of establishing other impor-
tant interactions with the spliceosome components+

Immunoprecipitation with 70R Ab maps
the 59SS RNA crosslink to the
C-terminal region of hPrp8

The analysis of the 59SS:hPrp8 crosslink suggests that
the interaction between these two elements reflects a
specific recognition of the GU dinucleotide by hPrp8+
To further define the hPrp8:GU dinucleotide interaction,
we have used two different approaches to determine
the location of the crosslink within the hPrp8 amino
acid sequence+ First, we carried out immunoprecipita-
tion experiments using the 70R antibody raised against
the C-terminus of hPrp8 (positions 1876–2335)+ We
first generated the 59SS RNA:hPrp8 crosslink by UV
irradiation of the 59 end-labeled 59SS RNA incubated in
the presence of HeLa cell nuclear extracts under splic-
ing conditions+ The crosslinked species was isolated
from an 8% SDS gel and used to generate a partial
digest with endoprotease Arg-C (specific for arginine
residues, Fig+ 3B, lane 1)+ The resulting fragments were
then immunoprecipitated with either 70R Ab or with
preimmune serum (Fig+ 3B, lanes 3 and 4, respec-
tively)+ Alternatively, serum was left out from the ex-
periments (Fig+ 3B, lane 5)+ Bound material was
subsequently resolved in a 20% acrylamide/SDS gel

FIGURE 2. Crosslinking of hPrp8 to the 59SS RNA within splicing
complex B requires a splicing competent 59SS sequence+ Trans-
splicing reactions were carried out in the presence of 59SS RNAs of
different lengths+ The wt 59SS RNA contained six exon nucleotides
(A5G, represented by black dots) and 11 intron nucleotides (open
circles, GUAAGUAdT*dC3; *: the P32 phosphate group, lane 1)+
Lanes 2–6 contained truncated versions of the wt 59SS RNA, as
indicated by their graphic representations+ In lane 7, the 59SS RNA
contains a G15 r U point mutation, represented by x+ All 59SS
RNAs were incubated in the presence of HeLa nuclear extract under
splicing conditions to form splicing complex B (A)+ Aliquots of the
same reactions were UV irradiated, centrifuged through a 100 mL
cushion of buffer D, and resolved in a 12% SDS gel either directly (B)
or after treatment with RNase A (C)+
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and visualized by autoradiography+ Only immuno-
precipitated fragments that still contain the crosslinked
32P-labeled 59SS RNA can be visualized in this way
(Fig+ 3A)+ As expected, a number of crosslinked hPrp8
fragments were specifically precipitated in the pres-
ence of 70R Ab (Fig+ 3B, lane 3), whereas the addition
of a preimmune serum (Fig+ 3B, lane 4) or no serum
(Fig+ 3B, lane 5) did not generate a significant level of
binding+ In this experiment, the size of the smallest
peptides recognized by the antibody defines the dis-
tance between the site of crosslinking and the epi-
tope(s) recognized by the antibody (see Fig+ 3A)+ The
smallest fragments specifically immunoprecipitated with
the 70R Ab and containing the 59SS RNA crosslink fall
in the range of 8 to 10 kDa (Fig+ 3B, lane 3)+ The slight
difference in migration of the immunoprecipitated frag-
ments as compared to the input material (Fig+ 3B, com-
pare lanes 2 and 3 to lane 1, see also Fig+ 4, lanes 2
and 7) is probably caused by a nuclease activity in the

serum that reduces the size of the RNA component of
the crosslink+ Hence, the size of the immunoprecipi-
tated peptide fragments could not be accurately deter-
mined in these experiments, because of the unknown
contribution of the RNA moiety to migration of the cross-
linked products+ However, all immunoprecipitated pep-
tide fragments must at least overlap with the C-terminal
50-kDa region (positions 1876–2335) used to generate
the 70R antibody+ This result effectively locates the site
of the 59SS RNA crosslink within the 50- to 60-kDa
region at the C-terminus of hPrp8+

Similar immunoprecipitation experiments were also
carried out with another antibody (KO5 Ab) raised
against an overlapping region of hPrp8 (positions 1391–
1902)+ A pattern similar to that seen with the 70R Ab
was obtained (Fig+ 3B, compare lanes 2 and 3); even
small fragments (8–10 kDa) containing the crosslinked
59SS RNA were immunoprecipitated with KO5 Ab+ This
suggests that the site of crosslink to the 59SS RNA is

FIGURE 3. The 59SS RNA:hPrp8 crosslink maps
to the C-terminal end of the protein+ A: The di-
agram represents the sequence of hPrp8 (black
bar) and the region recognized by the antibod-
ies used for immunoprecipitation experiments
(70R and KO5 Abs)+ Arrows indicate sites of
cleavage for endoprotease Arg-C+Digestion frag-
ments containing the crosslink to the 59SS RNA
are highlighted+ B: The 59SS RNA:hPrp8 cross-
link was digested with endoprotease Arg-C to
generate a series of partial fragments (lane 1
and panel A) that were subsequently incubated
with either KO5 antiserum (lane 2), 70R anti-
serum (lane 3), preimmune serum (lane 4), or
protein-A beads (lane 5)+ The immunoprecipi-
tated material was resolved in a 15% SDS gel
and visualized by autoradiography+ C: Western
blot analysis of bacterially expressed hPrp8 frag-
ments 8+13 (positions 761–1284, lanes 1 and 5),
13+14 (positions 1285–1408, lanes 2 and 6), KO5
(positions 1391–1902, lanes 3 and 7), and 70R
(positions 1876–2335, lanes 4 and 8) was car-
ried out to determine the specificity of the 70R
Ab (lanes 1–4) and KO5 Ab (lanes 5–8)+ Molec-
ular weight markers (in kDa) are indicated+
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located at, or close to, the overlapping region recog-
nized by the two antibodies (positions 1876–1902)+Con-
trol Western blot analyses showed that the KO5 Ab
recognizes not only the corresponding KO5 antigen
peptide, but also cross-reacts with the bacterially ex-
pressed 70R peptide fragment used to generate the
70R Ab (Fig+ 3C, compare lanes 7 and 8, respectively)+
These results may be explained by a short stretch of
overlapping sequence shared by the 70R and KO5 frag-
ments (amino acids 1876–1902)+Alternatively, the KO5
Ab may recognize a short N-terminal His-tag sequence
present in both the 70R and KO5 peptides+ Since two
other fragments of hPrp8 (8+13, positions 761–1284,
and 13+14, positions 1285–1408) also show a signifi-
cantly lower, but detectable, level of reactivity with the
KO5 Ab (Fig+ 3C, lanes 5 and 6), a combination of both
these interpretations may apply+ In contrast, Western
blot analysis using the 70R Ab and the same bacterially
expressed fragments of hPrp8 showed only specific
recognition of the 70R fragment originally used to raise

this antibody (Fig+ 3C, lane 4)+ No cross-reactivity with
the other three fragments was observed (Fig+ 3C,
lanes 1–3), confirming the high specificity of the 70R
Ab and its suitability for mapping experiments+ Be-
cause of the uncertainty regarding the specificity of the
KO5 serum, we did not rely on the results obtained with
this antibody, although they are completely consistent
with the proteolytic analysis of the 59SS RNA:hPrp8
crosslink shown below+ Unfortunately, all attempts to
raise immunoprecipitation-competent antisera to other
regions of hPrp8 (e+g+, 8+13 and 13+14) have been un-
successful to date (H+R+ Luo,M+J+Moore, unpubl+ data)+
Minimally, the immunoprecipitation results indicate that
the site of the 59SS RNA:hPrp8 crosslink is located
within the C-terminus of the hPrp8 protein+ The seg-
ment spanning the crosslink, a fragment of 8–10 kDa,
at least overlaps with the region recognized by the 70R
antibody, between positions 1876 and the C-terminus
of the protein (position 2335)+

Proteolytic analysis of the 5 9SS
RNA:hPrp8 crosslink

We have extended the analysis of the 59SS RNA:
hPrp8 crosslink to include a number of proteases and
chemical reagents of distinct specificities+ Based on
the size of the fragments containing the 59SS RNA
crosslink and the known sequence of hPrp8 (GenBank
accession number AF092565), we could precisely lo-
cate the site of crosslink within the protein sequence+

The 59SS RNA:hPrp8 crosslink isolated from trans-
splicing reactions was subjected to digestion with a
variety of proteolytic reagents, and the generated prod-
ucts were resolved in a high percentage Tris-Tricine/
SDS polyacrylamide gel that allows for a higher
resolution of peptides in the size range of 2–10 kDa
(Schägger & von Jagow, 1987)+ However, in the case
of short peptides, the contribution of the 59SS RNA to
migration of the crosslink in SDS-PAGE becomes sig-
nificant, precluding accurate size determination+ This is
demonstrated by the analysis of the 59SS RNA:hPrp8
crosslink containing either a 17-nt-long 59SS RNA
(Fig+ 4, lanes 1–6) or a 5-nt-long segment of the 59SS
RNA (Fig+ 4, lanes 7–11), digested with a battery of
reagents+ The length of the 59SS RNA most signifi-
cantly affected the migration of fragments obtained with
cyanogen bromide (CNBr; Fig+ 4, lanes 5 and 10) and
N-bromosuccinimide (NBS; Fig+ 4, lanes 6 and 11)+ In
contrast, the RNA size did not significantly affect mi-
gration of the trypsin peptide (Fig+ 4, lanes 3 and 8)+
While we do not understand the reason for these
reagent-specific effects, the relative position of the cross-
link within the peptide affecting the overall topology of
the molecule may contribute to this difference+ In ad-
dition, local amino acid composition may also be in-
volved in these effects+ To more precisely determine
the size of the crosslinked peptides, similar digestions

FIGURE 4. Effect of RNA length on migration of 59SSRNA:hPrp8
crosslink peptide fragments in polyacrylamide/SDS gels+ The 59SS
RNA:hPrp8 crosslink was gel purified and used for protease analy-
sis+ The 59SS RNA in the crosslink was 17 nt (lanes 1–6) or 5 nt long
(after RNase A digestion, lanes 7–11)+ The 59SS RNA:hPrp8 cross-
link was digested with the endoproteases Arg-C (lanes 2 and 7),
trypsin (lanes 3 and 8), or chymotrypsin (lanes 4 and 9)+ Alterna-
tively, the crosslink was treated with CNBr (lanes 5 and 10) or NBS
(lanes 6 and 11)+ The digestion products were resolved in a 16%
polyacrylamide/6 M urea Tris-Tricine SDS gel and visualized by auto-
radiography+ Molecular weight markers (in kDa) are indicated+
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were performed with the 59SS RNA:hPrp8 crosslink
containing a single 32P at position G11 of the 59SS
(A7G/p*GUAAGUAdTdC3)+Upon digestion of the cross-
link with nuclease P1, a single p*G residue remains
linked to hPrp8, thus minimizing the RNA contribu-
tion to the crosslink mobility in Tris-Tricine/SDS gels+ In
all subsequent analyses, the molecular weight of the
crosslink-containing peptides generated by digestion
with a variety of proteolytic reagents was calculated
from crosslinks containing a single G nucleotide+ Re-
markably, digestion of the 59SS RNA:hPrp8 crosslink
with either trypsin or chymotrypsin generates single
32P-labeled peptides (Fig+ 4, lanes 3 and 4), indicating
a high level of homogeneity of the crosslink with re-
spect to the protein component+ Together with the pre-
vious analysis that mapped the same crosslink to the
GU dinucleotide within the 59SS RNA, these results
indicate a highly site-specific, localized physical inter-
action between the 59SS and a unique segment in
hPrp8+

Cyanogen bromide, N-bromosuccinimide and
trypsin digestion of the 59SS RNA:hPrp8 crosslink

Figure 5A shows digestion patterns of the gel-purified
59SS RNA:hPrp8 crosslink (lane 1) after treatment with
trypsin (lane 2) and chemical reagents cyanogen bro-
mide (lane 3) and N-bromosuccinimide (lane 4), re-
solved in a 16% Tris-Tricine/SDS gel+ As described
above, the crosslinked peptides contain a single 32P-
labeled G nucleotide, which allows one to more accu-
rately estimate the peptide size+ Cyanogen bromide
(CNBr) specifically cleaves proteins at the carboxy-
terminus of methionine residues+ The extent of its cleav-
age depends both on the conditions used and the amino
acid context around the cleavage site (Gross, 1967)+ In
the context of the 59SS RNA:hPrp8 crosslink, we have
not been able to obtain a complete CNBr digestion
generating a single product (Fig+ 5A, lane 3, and Fig+ 4,
lane 10)+The gel-purified partial digestion products were
not further cleaved with CNBr (data not shown), pos-
sibly due to modification of methionines+ The most abun-
dant cleavage product corresponds to the smallest
fragment of 5+1 kDa, which may represent a complete
digestion product that does not include any internal
methionines+ From the amino acid sequence of hPrp8,
a number of CNBr fragments can be found in the range
of 4–6 kDa (indicated in green in Fig+ 7A)+ However,
since the 5+1-kDa fragment may represent a partial
CNBr digestion product, we have also considered
peptides containing one internal methionine for further
analysis+ Together, 22 distinct CNBr fragments were
considered+

N-bromosuccinimide cleaves proteins after trypto-
phan, histidine, and tyrosine residues (Shechter et al+,
1976)+ As with CNBr, the sequence context affects the
extent of its cleavage+ Digestion of the 59SS RNA:

hPrp8 crosslink with NBS generated three predomi-
nant products of 4+1, 12, and 17 kDa (Fig+ 5A, lane 4)+
While the gel-purified 12-kDa fragment generated the
4+1-kDa fragment upon further NBS treatment, the ad-
ditional extensive NBS treatment of the 4+1-kDa pep-
tide did not yield smaller digestion products (data not
shown)+ These results strongly suggest that the 4+1-kDa
peptide represents a complete cleavage product that
does not contain any internal W, H, or Y residues+ In
the entire hPrp8 protein sequence, six fragments (po-
sitions 257–293, 364–394, 1274–1317, 1792–1823,
1840–1875, 1876–1920) are predicted to have a sim-
ilar molecular size (3+5–5+1 kDa; Fig+ 7A, shown in or-
ange)+ While an additional 11 NBS–partial-cleavage
fragments in the same size range can be identified in
the entire hPrp8 sequence, none of them is compatible
with the proteolytic results described here (data not
shown)+

Cleavage of the 59SS RNA:hPrp8 crosslink with
trypsin generates a single 4+0-kDa peptide containing
the crosslink (Fig+ 5A, lane 2)+ In the entire hPrp8 se-
quence, there is a single trypsin peptide of this size

FIGURE 5. Protease analysis of the 59SS RNA:hPrp8 crosslink+ A:
The 59SS RNA:hPrp8 crosslink was generated using a 59SS RNA
32P-labeled at position G11 (A6G*pGUAAGUAdTdC3), which upon
digestion with nuclease P1 yields a single *pG nucleotide crosslinked
to the protein (lane 1)+ The crosslink was subsequently digested with
trypsin (lane 2), CNBr (lane 3), or NBS (lane 4), resolved in a 16%
polyacrylamide/6 M urea Tris-Tricine SDS gel and visualized by auto-
radiography+ B: The 70R fragment (50 kDa, positions 1876–2335) of
hPrp8 (lane 1) was digested with CNBr (lane 2), NBS (lane 3), or
trypsin (lane 4)+ As a control, a mock trypsin digestion was carried
out in the absence of 70R peptide (lane 5)+ Digestion products were
resolved in a 16% polyacrylamide/6 M urea Tris-Tricine SDS gel and
visualized by silver staining+ The migration position of trypsin is in-
dicated by a *+ Molecular weight markers (in kDa) are indicated+
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(position 1684–1723); however, it does not overlap with
any of the sequences identified with CNBr or NBS+ This
suggests that the trypsin fragment represents a partial
cleavage product that contains at least one blocked
internal trypsin site (a lysine or arginine residue)+ A
protein may be resistant to trypsin cleavage either be-
cause of particular structural features or because the
crosslinked RNA itself could block the cleavage site+ In
fact, when the 4-kDa trypsin fragment was gel-purified
and subsequently digested with a high excess of tryp-
sin, a low level of a smaller, 2+0-kDa fragment contain-
ing the crosslinked 59SS RNA could be detected (data
not shown)+

To independently confirm that the trypsin fragment
represents a partially digested peptide, we purified the
70R fragment of hPrp8 (position 1876–2335) expressed
in Escherichia coli as a His-tagged protein+ The gel-
purified 70R fragment (Fig+ 5B, lane 1) was digested in
parallel with CNBr, NBS, or trypsin, and products were
resolved in a 20% polyacrylamide/SDS gel and visu-
alized by silver staining (Fig+ 5B, lanes 2–5)+ The se-
quence of the 70R fragment predicts no trypsin products
larger than 3+0 kDa+ However, a single peptide with gel
mobility of ;4+0 kDa was detected in this trypsin di-
gestion, indicating that it must represent a partial di-
gestion product (Fig+ 5B, lane 4)+ This 4-kDa peptide
originates from the 70R fragment since it was not de-
tected in the absence of the 70R substrate (Fig+ 5B,
lane 5)+ Smaller digestion products generated in this
reaction could not be detected, presumably because of
the poor staining with silver under these conditions
(Fig+ 5B, lanes 2–5)+ Digestion with CNBr and NBS
also yields a partial digestion of the 70R fragment, judg-
ing by the size of the detected products (Fig+ 5B,
lanes 2 and 3)+ Detection of the 4-kDa trypsin peptide
of the 70R fragment suggests that a similar partial pep-
tide in the 59SS RNA:hPrp8 crosslink results from a
local protein sequence or structure rather than from the
presence of the crosslink at the trypsin cleavage site+
Predicted trypsin fragments of hPrp8 in the range of
3+1 to 5+0 kDa (a total of 38 fragments) are represented
by blue bars in Figure 7A+ As with CNBr fragments,
partial products are also included+

A combination of CNBr, NBS, and trypsin digestions
eliminates a majority of the initial pool of the candidate
sites and identifies only three possible locations con-
sistent with the proteolysis results shown in this section
(Fig+ 7, compare A and B)+ These sequences are lo-
cated within the trypsin-generated fragments at posi-
tions 228–261, 1263–1290, and 1867–1898 (Fig+ 7C)+

Chymotrypsin and Endo Glu-C protease analysis

In addition to proteolytic digestion of the full-length 59SS
RNA:hPrp8 crosslink described above, we have also
performed secondary digestions of the selected, gel-
isolated peptide fragments+ By imposing additional con-

straints, this approach allowed us to further distinguish
between the three possible locations of the crosslink
defined above (Fig+ 7C)+ Digestion of the 59SS RNA:
hPrp8 crosslink with chymotrypsin (which cleaves after
tryptophan, tyrosine, and phenylalanine residues) gen-
erated a small, 2+5-kDa peptide containing the cross-
link (Fig+ 6, lane 11)+However, secondary chymotrypsin
digestion of the gel-purified 4+0-kDa trypsin fragment
(Fig+ 6, lane 1) generated a smaller, 0+7-kDa fragment
(Fig+ 6, lane 2), indicating that the 2+5-kDa chymo-
trypsin fragment is not completely contained within the
4+0-kDa trypsin fragment+ All of the three candidate
trypsin fragments defined above contain internal chy-

FIGURE 6. Protease analysis of the 59SS RNA:hPrp8 crosslink:
Secondary digestions+ The 59SS RNA:hPrp8 crosslink was gener-
ated using a 59SS RNA 32P-labeled at position G11 (A6G*pGUAA
GUAdTdC3) and digested with nuclease P1 to yield a single *pG
nucleotide crosslinked to the protein (lane 9)+ The 59SS RNA:hPrp8
crosslink was digested with trypsin (lane 10), chymotrypsin (lane 11),
or endoprotease Arg-C (lane 12)+ The smallest fragments from tryp-
sin and endo Arg-C digestion were further gel purified (4+0 kDa,
lane 1 and 14 kDa, lane 5, respectively)+ The resulting fragments
were subsequently treated with chymotrypsin (lane 2), endoprotease
Glu-C (lanes 3 and 7), CNBr (lanes 4 and 8), or trypsin (lane 6)+
Digestion products were resolved in a 16% polyacrylamide/6 M urea
Tris-Tricine SDS gel and visualized by autoradiography+ Molecular
weight markers (in kDa) are indicated+ The bottom panel represents
the location of fragments generated by digestion with endo Arg-C,
trypsin, chymotrypsin, and endo Glu-C with respect to each other
and to the site of crosslink to the 59SS RNA+ The protease specific-
ities are indicated+
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motrypsin sites (Fig+ 7B,C)+ However, the trypsin frag-
ment at position 1263–1290 overlaps with a partial
chymotrypsin fragment, thus making it less likely as the
crosslink site (Fig+ 7C)+

Digestion of the 59SS:hPrp8 crosslink with endo-
protease Arg-C generates a 14-kDa partial fragment
(Fig+ 6, lanes 5 and 12)+ The 14-kDa Arg-C fragment
contains the entire 4-kDa trypsin fragment, as its sec-
ondary digestion with trypsin yields the same 4+0-kDa
peptide (Fig+ 6, lane 6)+ When the 14-kDa Arg-C pep-
tide was further digested with endoprotease Glu-C,
the smallest product containing the crosslink was an
;2+5-kDa peptide (Fig+ 6, lane 7)+ Under the conditions
used, Glu-C cleaves only after glutamic acid, and not
aspartic acid residues (data not shown)+ The gel-purified
4+0-kDa trypsin fragment digested with Glu-C gener-
ates an ;1-kDa peptide, which is smaller than the

2+5-kDa Glu-C peptide obtained from digestion of the
Arg-C fragment (Fig+ 6, compare lanes 3 and 7)+ Thus,
within the 14-kDa Arg-C fragment, the 4+0-kDa trypsin
peptide containing the crosslink must overlap with both
Glu-C and chymotrypsin fragments (Fig+ 7C)+ Inspec-
tion of the three candidate locations identified by CNBr,
NBS, and trypsin digestions identifies the C-terminal
site (trypsin peptide position 1867–1898) as the loca-
tion of the 59SS RNA:hPrp8 crosslink+ The fact that the
N-terminal trypsin fragment (position 228–261) does
not contain any internal glutamic acid residues, and
that the second trypsin fragment (position 1869–1914)
contains partial chymotrypsin and Glu-C peptides that
do not overlap, eliminates both these sites as a possi-
ble location of the crosslink (Fig+ 7C)+

In summary, the data from digestion of the 59SS
RNA:hPrp8 crosslink with CNBr, NBS, and trypsin gen-

FIGURE 7. Summary of the mapping analysis of the 59SS RNA:hPrp8 crosslink+ A: The 59SS RNA:hPrp8 crosslink (gray
bar) was digested with the indicated proteases+ Fragments predicted from the hPrp8 sequence are shown for CNBr, NBS,
and trypsin digestions+ The results from the immunoprecipitation experiments using the 70 Ab are also shown+ The three
candidate locations for the 59SS RNA:hPrp8 crosslink shown in B are represented as the overlapping fragments obtained
from CNBr, NBS, trypsin, endo Glu-C, and chymotrypsin digestion in C+ In the deduced location of the crosslink, the
overlapping region between the different proteolytic fragments is only five amino acids, QACLK (positions 1894–1898), in
the hPrp8 amino acid sequence+ D: Comparison of known Prp8 sequences from other organisms+ The alignment shows the
region encompassing the site of crosslinking to the 59SS RNA in hPrp8 (H+s+, GenBank accession number AF092565)+ The
sequences from Caenorhabditis elegans (C.e.), Oriza sativa (O.s.), and Saccharomyces cerevisiae (S.c.) are from Hodges
et al+, 1995+ The sequence of Schizosaccharomyces pombe (S.p.) was obtained from GenBank (accession number 2440191)+
The sequence of Trypanosoma brucei (T.b.) is from Lücke et al+, 1997+
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erated three candidate segments that may contain the
site of crosslink (Fig+ 7B,C)+ All three segments comply
with the requirements of representing overlapping pep-
tides generated by different proteolytic digestions and
having a size compatible with the estimates from the
high resolution Tris-Tricine/SDS gels+ For the three can-
didate fragments, the trypsin peptide is considered to
represent a partial digestion product with one internal
trypsin site+ Data from secondary digestions of the iso-
lated trypsin peptide with chymotrypsin and endo Glu-C
proteases were used to eliminate two of the three pos-
sible locations+ Only the C-terminal candidate segment
(trypsin peptide positions 1867–1898) is consistent with
all the proteolytic analyses and, moreover, with the im-
munoprecipitation experiments (Fig+ 7A,C)+ Based on
the proteolysis results, the site of crosslink is limited by
the chymotrypsin and trypsin sites (Fig+ 7C), restricting
it to only five amino acids in the hPrp8 sequence:
QACLK (positions 1894–1898)+ The achieved resolu-
tion is remarkable, considering the total length of hPrp8:
2335 amino acids+

While the entire sequence of Prp8, including the re-
gion spanning the crosslink site, exhibits a high degree
of conservation across eukaryotes, the amino acid se-
quence directly adjacent to the mapped crosslink site is
significantly less well conserved+ The human QACLK
sequence (positions 1894–1898) corresponds to QAIMK
in Caenorhabditis elegans, QAIIK in Schizosaccharo-
myces pombe, and SAAMS (positions 1966–1970) in
Saccharomyces cerevisiae (Fig+ 7D)+ It should be noted
that in S. cerevisiae, the mapped site is located in the
proximity of amino acid residues implicated in poly-
pyrimidine tract recognition (positions 1834 and 1960;
Umen & Guthrie, 1995, 1996), and in genetic inter-
action with U4 snRNA (Kuhn et al+, 1999)+ Together,
these results suggest that the region of Prp8 involved
in interactions with the polypyrimidine tract and possi-
bly with U4/U6 snRNAs, may also be involved in rec-
ognition of the 59 splice site+

DISCUSSION

Recognition of the 59SS by base pairing to the 59 end
of U1 snRNA represents one of the initial steps of splice-
osome assembly+While this interaction controls the over-
all selection of the 59 splice site, it does not specify the
actual cleavage site (reviewed in Moore et al+, 1993;
Nilsen, 1994)+ Subsequently, the 59SS:U1 snRNA base-
pairing must be disrupted to allow the 59SS to interact
with Prp8, among other components of the U4/U5/U6
snRNP (see Kandels-Lewis & Séraphin, 1993; Konforti
et al+, 1993; Lesser & Guthrie, 1993; Sontheimer &
Steitz, 1993)+ Both human and yeast Prp8 have been
shown to crosslink to the 59SS region (Wyatt et al+,
1992; Teigelkamp et al+, 1995a, 1995b; Chiara et al+,
1996; Reyes et al+, 1996)+ We have previously shown
that a highly specific GU dinucleotide:hPrp8 crosslink

at the 59SS can be detected within splicing complex B
assembled in trans-splicing reactions, where the 59SS
is provided as a short RNA oligonucleotide (Reyes
et al+, 1996)+ The analogous 59SS:hPrp8 crosslink can
also be detected within complex B formed in cis-splicing
reactions, using a unimolecular pre-mRNA substrate
(Fig+ 1)+ Also the kinetics of crosslinking indicate that in
both trans- and cis-splicing, the 59SS:hPrp8 interaction
takes place early in the reaction, after formation of com-
plex B, but before the appearance of splicing intermedi-
ates and products+ The interaction of Prp8 with exon
sequences at the 59SS is maintained beyond the first
step of splicing, as evidenced by the persistence of
crosslinks in both yeast and mammalian systems (Wyatt
et al+, 1992; Teigelkamp et al+, 1995b)+ In contrast, the
GU:hPrp8 interaction described here occurs within
spliceosome complex B, but crosslink formation is not
detected at later stages in the reaction (Fig+ 1)+ This
crosslinking profile suggests that either the GU:hPrp8
interaction is disrupted at later stages of splicing, or
that an alteration in the physical environment near the
contact site may not permit UV crosslinking, even though
the interaction itself may be maintained+

The close contact between the 59SS and Prp8 ex-
tends beyond the GU dinucleotide at the 59 end of the
intron+ Introduction of relatively small acetamide groups
(;3 Å) attached through the ribose backbone at posi-
tions flanking the 59SS junction (from positions 22 to
13) inhibits spliceosome formation, suggesting a steric
hindrance in the interaction of Prp8 with the derivatized
59SS RNA (Sha et al+, 1998)+ Furthermore, photoreac-
tive azidophenacyl groups attached to the 59 exon (po-
sitions 23, 24) form crosslinks with hPrp8 (Sha et al+,
1998), consistent with earlier reports of the 59 exon:
Prp8 crosslinks (Wyatt et al+, 1992; Teigelkamp et al+,
1995a)+ In addition to Prp8, U2 and U6 snRNAs have
also been implicated in interactions with the GU dinu-
cleotide at the 59SS (Sontheimer & Steitz, 1993; Kim &
Abelson, 1996; Luukkonen & Séraphin, 1998a, 1998b)+
Finally, the 59SS intron nucleotides positions 14 to 17
were shown to interact with U6 snRNA (Kandels-Lewis
& Séraphin, 1993; Konforti et al+, 1993; Lesser & Guth-
rie, 1993; Sontheimer & Steitz, 1993) and a number of
other spliceosomal proteins (Sha et al+, 1998)+ The mul-
tiplicity of factors that contact the 59SS region may ex-
plain why the GU:hPrp8 crosslinking is affected by both
the exon and intron sequences flanking the 59SS junc-
tion (Fig+ 2)+All these different interactions involving the
59SS contribute to the overall recognition of the sub-
strate, its joining with the spliceosome, and its proper
positioning at the active site of the complex+

The 59SS RNA:hPrp8 crosslink maps to a small
segment in the C-terminal region of the protein

To gain more insight into the interaction between the
59SS RNA and hPrp8, we identified the region of the
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protein involved in contacting the GU dinucleotide+ In
the first approach, we carried out immunoprecipitation
experiments using antibodies raised against two over-
lapping C-terminal regions of hPrp8 (70R and KO5 Abs;
Fig+ 4)+ From a mixture of proteolytic fragments con-
taining the crosslink, peptides as small as ;8–10 kDa
could be immunoprecipitated with these antibodies, in-
dicating that the site of crosslink is located within the
C-terminal portion of hPrp8+ Formally, the crosslink
should be located near the region recognized by both
antibodies, that is, positions 1876–1902+ Because of
some cross-reactivity of the KO5 Ab, we only consid-
ered the results obtained with the highly specific 70R
Ab, effectively defining the crosslink site to a 50–60-
kDa region at the C-terminus of hPrp8+ However, the
results of the second mapping approach using a bat-
tery of endoproteolytic reagents to analyze the 59SS
RNA:hPrp8 crosslink were consistent with the immuno-
precipitation experiments+ The crosslink peptides ob-
tained from digestions with a number of proteolytic
reagents constituted a single product, indicating that
the site of crosslinking is highly homogeneous within
the hPrp8 sequence, and allowing for the high-resolution
mapping of the crosslink+ By comparing the size of the
resulting crosslink-containing peptides with the diges-
tion pattern predicted from the sequence of hPrp8, we
could restrict the site of crosslink to a short, five-amino-
acid stretch+

The use of just three different proteolytic reagents
(CNBr, NBS, and trypsin) allowed us to identify three
potential sites of crosslinking within the entire hPrp8
sequence+ Digestions of the trypsin-generated frag-
ment with chymotrypsin and endoprotease Glu-C al-
lowed us to eliminate two of these candidate locations+
Significantly, the third location is consistent with all
the proteolysis as well as the immunoprecipitation re-
sults+ The region of overlap between the different pro-
teolytic fragments limits the site of crosslink to the amino
acid sequence QACLK (positions 1894–1898) at the
C-terminal region of hPrp8+While it was not possible to
determine the exact amino acid that forms the photo-
adduct with the GU dinucleotide at the 59SS, the cys-
teine residue at position 1896 is a likely candidate+ In
model DNA:amino acid crosslinking systems, cysteine
is one of the most reactive residues, forming a number
of different adducts with thymidine (Saito & Sugiyama,
1990), although other amino acids also have some abil-
ity to form crosslinks with DNA (Shetlar et al+, 1984)+
Among the characterized DNA:protein complexes, a
thymidine:cysteine crosslink has been characterized in
the bacteriophage fd (Paradiso & Konigsberg, 1982),
whereas uracil:methionine and uracil:tyrosine adducts
have been described among ribosomal RNA-protein
crosslinks (Zwieb & Brimacombe, 1978; Maly et al+,
1980)+ Finally, UV crosslinking of thymidine to lysine
residues has also been observed in the context of DNA:
histone interactions (Saito & Sugiyama, 1990)+

Prp8 interacts with multiple
spliceosomal components

The mapped 59SS:hPrp8 crosslink does not represent
the sole interaction between the pre-mRNA and Prp8+
Human Prp8 has been shown to crosslink to the branch
site region within splicing complexes B and C (Mac-
Millan et al+, 1994) and to sequences around the 39SS
within splicing complex C, most likely after the first and
before the second catalytic step (Chiara et al+, 1997)+
Similarly, yeast Prp8 forms crosslinks with the branch
site region and the 39 exon after the first catalytic step
(Teigelkamp et al+, 1995b)+ The involvement of Prp8 in
the 39SS recognition is supported by the identification
of the yeast PRP8 allele ( prp8-101) isolated as a sup-
pressor of mutations in the polypyrimidine tract that
selectively block the second step of splicing (Umen &
Guthrie, 1995)+ A screen for additional mutations has
defined two regions in the yPrp8 protein involved in
fidelity of the 39SS choice and polypyrimidine tract rec-
ognition (Umen & Guthrie, 1996)+ A comparison of hu-
man and yeast Prp8 amino acid sequences indicates
that the polypyrimidine tract recognition domain is lo-
cated in close proximity to the 59SS RNA:hPrp8 cross-
link+ The prp8-101 and prp8-102 alleles implicated in
polypyrimidine tract recognition represent mutations of
E (position 1960) in yPrp8, while the 59SS crosslink
corresponds to positions 1966–1970 of the yeast pro-
tein+ This feature, together with the biochemical and
genetic data indicating similar roles for yeast and hu-
man Prp8, suggests that the homologous region in yPrp8
is involved in recognition of the 59SS+

In addition to the above-discussed contacts with the
pre-mRNA, Prp8 is expected to interact with a number
of spliceosomal components+ An allele of PRP8 ( prp8-
201) was found to suppress a cold-sensitive allele of
U4 snRNA+ The mutation in prp8-201 maps close to the
region involved in polypyrimidine tract recognition (Kuhn
et al+, 1999; Umen & Guthrie, 1996)+ Prp40, a compo-
nent of yeast U1 snRNP, physically interacts with the
proline-rich domain at the N-terminus of yPrp8 (Abo-
vich & Rosbash, 1997)+ Finally, Prp8 was shown to
genetically interact with two putative helicases: DED1
(Jamieson et al+, 1991) and Prp28 (Strauss & Guthrie,
1991)+ Interestingly, the human homolog of Prp28 (U5-
100kD) is also an integral component of the U5 snRNP
(Teigelkamp et al+, 1997), suggesting that Prp8 may
directly interact with Prp28 and possibly other U5 snRNP
components, including U5 snRNA+

While the crosslinking studies have confirmed a close
contact between Prp8 and pre-mRNA, Prp8 also has
been shown to interact with a series of other splice-
osomal components throughout the reaction+ Thus, it is
likely that Prp8 plays a central role in splicing, coor-
dinating a series of events through interactions with
several spliceosomal components, and perhaps par-
ticipating in formation of the active site of the splice-
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osome+ This could be achieved either by providing a
binding site for the splice sites, or possibly also by
contributing to the chemical reaction in a more direct
way+At present, the mechanistic details concerning the
pre-mRNA splicing catalysis are not known+ The cata-
lytic center is likely to involve a combination of specific
RNA:RNA interactions and other contacts that rely on
amino acid residues+ Because of the discussed close
contacts between Prp8, pre-mRNA, and other splice-
osomal components, as well as the established RNA:
RNA interactions involving U2 and U6 snRNAs, it seems
likely that Prp8, along with U2 and U6 snRNAs, par-
ticipates in formation of the catalytic center+

MATERIALS AND METHODS

59SS RNA oligonucleotides

Oligonucleotides were synthesized using an Applied Biosys-
tems 390 synthesizer, and phosphoramidites were from Glen
Research (Sterling, Virginia)+ The 39 end labeling of oligonu-
cleotides was carried out using the Klenow fragment of E. coli
DNA polymerase (Boehringer Mannheim) and a32P-dCTP
(NEN) as described (Konforti & Konarska, 1995)+ The 59 end
labeling of 59SS RNAs was carried out using T4 polynucle-
otide kinase (New England Biolabs) and g32P-ATP (NEN) as
described (Konforti & Konarska, 1995)+

39SS RNAs

In most experiments the 39SS RNA contained 83 nt of intron
and 45 nt of exon and was prepared by transcription with T7
RNA polymerase from a pBSAd13 plasmid (Konarska, 1989)
cut with Sau3A1+ For cis-splicing experiments, the rabbit
b-globin pre-mRNA was derived from the pAL4 plasmid (La-
mond et al+, 1987) transcribed with T7 RNA polymerase+ For
experiments shown in Figure 1C, the 39SS RNA transcript
contained 145 nt of intron sequence and 54 nts of 39 exon
sequence+ This RNA was subsequently ligated to the 59 end
32P-labeled 59SS RNA (A5G/GUAAGUAdT) using T4 DNA
ligase (Boehringer Mannheim) and a bridging DNA oligonu-
cleotide (Moore & Sharp, 1992)+ For Figure 1D, the b-globin
pre-mRNA was transcribed from a DNA template containing
20 nt of the second exon and 46 nt of the intron spanning the
59 splice site region, attached to the sequences of the 39SS
RNA (145 nt of the intron and 54 nt of the third exon)+

In vitro trans -splicing assays

The preparation of HeLa cell nuclear extracts and trans-
splicing reactions (Konforti & Konarska, 1995) were carried out
as described+ To analyze snRNP complex formation, aliquots
of the reactions were resolved in 4% polyacrylamide/50 mM
Tris-glycine nondenaturing gels (Konarska, 1989)+ Alterna-
tively, phenol extracted RNA products were resolved in a 10%
polyacrylamide/8 M urea gel+ In either case, electrophoresis
was carried out such that the unbound or unreacted 59SS RNA
remained in the gel to allow for determination of complex for-
mation or trans-splicing efficiency, respectively+ All gels were
quantified using a Molecular Dynamics phosphorimager+

Immunoprecipitations

Polyclonal rabbit and chicken antisera were raised against
bacterially expressed His-tagged fragments of hPrp8 (70R,
50-kDa protein fragment positions 1876–2335) and KO5
(60-kDa fragment positions 1391–1902), respectively+ Anti-
hPrp8 (70R Ab or KO5 Ab) or preimmune sera were coupled
to Protein A-trisacryl beads (Pierce) in IP100 buffer (100 mM
NaCl, 2 mM MgCl2, 50 mM Tris, pH 7+6, 0+5 mM DTT, 0+05%
Nonidet P40) for 2 h on ice and washed twice with the same
buffer+ Samples were incubated with the antibody-coupled
beads for 3 h on ice, and rinsed twice with IP150-1M urea
buffer (150 mM NaCl, 2 mM MgCl2, 50 mM Tris, pH 7+6,
0+5 mM DTT, 0+05% Nonidet P40, 1 M urea)+ The bound
material was resolved in a 15% polyacrylamide SDS gel+

The 8+13 (positions 761–1284), 13+14 (positions 1285–
1408), KO5, and 70R peptides were expressed in E. coli as
His-tagged fusion proteins (H+ Luo, M+ Moore, unpubl+ re-
sults), and additionally gel-purified from a 10% polyacryl-
amide SDS gel+ Western blot analysis was carried out by
blocking the membrane overnight at 4 8C in TBST buffer
(10 mM Tris-HCl, pH 8+0, 50 mM NaCl, 0+1% Tween 20),
followed by incubation with 70R Ab or KO5 Ab (1:5,000 dilu-
tion) for 2 h at 4 8C in TBST buffer+ After extensive washes in
TBS buffer (10 mM Tris-HCl, pH 8+0, 50 mM NaCl), the sec-
ondary antibody (anti-rabbit IgG for 70R Ab, anti-chicken IgY
for KO5) conjugated to horseradish peroxidase was added
and incubation continued for 2 h in TBST buffer at 4 8C+ Vi-
sualization of the results was performed using the Renais-
sance reagents from NEN+

Proteolytic analysis of the 5 9SS RNA:hPrp8
crosslink species

One hundred microliters trans-splicing reactions were UV ir-
radiated for 4 3 5 min and centrifuged through a 100 mL
cushion of buffer D for 30 min at 70,000 rpm in a Beckman
TL-100 ultracentrifuge+ When indicated, the resulting pellet
was further treated with RNase A (1 mg) or nuclease P1
(0+5 U) for 30 min at 37 8C+ The 59SS RNA:hPrp8 crosslink
was then purified from an 8% polyacrylamide SDS gel+ The
recovered material was dissolved directly in the digestion
buffer for each proteolytic reagent+ Incubations with endopro-
tease Arg-C (1 U, Sigma) were carried out in 0+1 M sodium
acetate, pH 7+4+ To generate partial digestion products used
in Figure 3A, two parallel incubations with 0+05 U and 0+1 U
of Arg-C were used+ After digestion, fragments were directly
diluted in IP100 buffer and used for immunoprecipitation+ Un-
der these conditions,Arg-C activity during the incubation with
antibodies was negligible+ Digestions with trypsin (0+1 U,
Sigma) were carried out in 0+1 M Tris-HCl, pH 8+0, 20 mM
CaCl2, chymotrypsin (0+1 U, Sigma) in 0+1 M sodium acetate,
pH 8+0, and endoprotease Glu-C (0+1 U, Sigma) in 0+1 M
ammonium bicarbonate, pH 7+8+All digestions were incubated
in 10–20 mL for 2 h at 37 8C and reactions were terminated
by addition of the SDS sample buffer (2% SDS, 15 mM Tris-
HCl, pH 6+8, 30% glycerol, 0+06% bromophenol blue)+

Cyanogen bromide was adjusted to 40 mg/mL and 70%
formic acid in the reaction and incubation was carried out
overnight at room temperature in the dark (Gross, 1967)+
N-bromosuccinimide reactions contained 15 mM NBS in 40%
acetic acid, 6+6 M urea (Mirfakhrai & Weiner, 1993), and in-
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cubations were carried out for 1 h at room temperature+ The
CNBr and NBS treated samples were ethanol precipitated in
the presence of 10 mM Tris base+ Protease and chemical
digestions were resolved in a Laemmli 22% polyacrylamide/
SDS gel+ Alternatively, a 16% polyacrylamide/6 M urea Tris-
Tricine SDS gel was used (Schägger & von Jagow, 1987)+
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