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ABSTRACT

Schizosaccharomyces pombe (Sp ) Cdc5p and its Saccharomyces cerevisiae (Sc ) ortholog, Cef1p, are essential
components of the spliceosome. In S. cerevisiae, a subcomplex of the spliceosome that includes Cef1p can be
isolated on its own; this has been termed the nineteen complex (Ntc) because it contains Prp19p. Components of the
Ntc include Cef1p, Snt309p, Syf2p/Ntc31p, Ntc30p/Isy1p, Ntc20p and at least six unidentified proteins. We recently
identified ;30 proteins that copurified with Cdc5p and Cef1p. Previously unidentified S. pombe proteins in this
purification were called Cwfs for complexed with five and novel S. cerevisiae proteins were called Cwcs for com-
plexed with Cef1p. Using these proteomics data coupled with available information regarding Ntc composition, we
have investigated protein identities and interactions among Ntc components. Our data indicate that Cwc2p, Prp46p,
Clf1p, and Syf1p most likely represent Ntc40p, Ntc50p, Ntc77p, and Ntc90p, respectively. We show that Sc Cwc2p
interacts with Prp19p and is involved in pre-mRNA splicing. Sp cwf2 +, the homolog of Sc CWC2, is allelic with the
previously identified Sp prp3 +. We present evidence that Sp Cwf7p, an essential protein with obvious homologs in
many eukaryotes but not S. cerevisiae , is a functional counterpart of Sc Snt309p and binds Sp Cwf8p (a homolog of
Sc Prp19p). Further, our data indicate that a mutation in the U-box of Prp19p disrupts these numerous protein
interactions causing Cef1p degradation and Ntc instability.
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INTRODUCTION

The spliceosome is a dynamic multiprotein/RNA com-
plex that catalyzes the excision of introns from pre-
mRNA+ Five snRNA molecules (U1, U2, U4, U5, and
U6) that are closely associated with conserved protein
components play key roles in the pre-mRNA process-
ing reaction+ These snRNA/protein combinations are
referred to as small nuclear ribonucleoprotein particles
(snRNPs)+ A popular model for snRNP assembly into
an active spliceosome was developed from in vitro splic-
ing experiments (reviewed in Kramer, 1996; Staley &
Guthrie, 1998; Murray & Jarrell, 1999)+ In this model,
spliceosome assembly begins with the recognition of
the 59 and 39 splice sites by the U1 snRNP and the U2
snRNP, respectively+ The subsequent engagement of
the U4/U6/U5 tri-snRNP triggers the unwinding of the

U4/U6 snRNA duplex, which is replaced by a U2/U6
snRNA duplex+ Furthermore the U1 snRNA base pair-
ing at the 59 splice site is disrupted and exchanged for
base pairing between 59 splice site and the U6 snRNA+
The subsequent release of the U1 and U4 snRNPs
marks the transition from the inactive to active splice-
osome that, in this model, would contain only the U2,
U5, and U6 snRNPs+ However, recent work has chal-
lenged this model, suggesting that the spliceosome is
preassembled in vivo in a complex that contains nu-
merous proteins and all five snRNAs (Das et al+, 2000;
Maroney et al+, 2000; Stevens et al+, 2002)+ In addition
to proteins that copurify with the five snRNAs, many
other proteins are essential participants in the splicing
reaction+ To further understand pre-mRNA processing,
it will be important to characterize the many protein–
protein interactions found between pre-mRNA splicing
factors+

The cdc51 gene was first identified in Schizosaccha-
romyces pombe based on the isolation of a temperature-
sensitive mutant that arrested in the G2 phase of the cell
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cycle (cdc5-120)+ Cdc5p orthologs were subsequently
identified and characterized in Saccharomyces cerevi-
siae (called Cef1p;Ohi et al+, 1998),Arabidopsis thaliana
(Hirayama & Shinozaki, 1996), Drosophila melanogas-
ter (Ohi et al+, 1998),Caenorhabditis elegans (Ohi et al+,
1998), Xenopus laevis (Stukenberg et al+, 1997), and
Homo sapiens (hCDC5, Bernstein & Coughlin, 1997;
Groenen et al+, 1998; Ohi et al+, 1998)+ Substantial evi-
dence indicates that these proteins play an essential
function in pre-mRNA splicing (Burns et al+, 1999; Tsai
et al+, 1999; Ajuh et al+, 2000) rather than cell cycle
control+ Genetic depletion of Sp Cdc5p or Sc Cef1p
causes accumulation of unspliced mRNAs in vivo (Burns
& Gould, 1999;McDonald et al+, 1999; Tsai et al+, 1999)+
Inactivation of Cef1p by antibody interference or im-
munodepletion of hCDC5 inhibits splicing in vitro (Tsai
et al+, 1999; Ajuh et al+, 2000)+ Also, in S. pombe, S.
cerevisiae, and human cells,Cdc5p,Cef1p, and hCDC5,
respectively, are detected in spliceosomal complexes
(Neubauer et al+, 1998; McDonald et al+, 1999; Tsai
et al+, 1999; Ajuh et al+, 2000; Ohi et al+, 2002)+

In S. cerevisiae, Cef1p was found to copurify with
and bind directly to the pre-mRNA splicing factor Prp19p
(Tsai et al+, 1999)+ Proteins copurifying with Prp19p
have been termed the nineteen complex (Ntc)+ Mem-
bers of this complex include Snt309p (Ntc25p), Syf2p
(Ntc31p), Isy1p (Ntc30p), Ntc20p, and approximately
six other polypeptides that were not identified (Ntc120p,
Ntc90p,Ntc81p,Ntc77p,Ntc50p, and Ntc40p;Tarn et al+,
1994; Chen et al+, 1998, 2001, 2002; Tsai et al+, 1999)+
Prp19p, Cef1p, and other identified Ntc components
have been found to associate with snRNPs during the
pre-mRNA splicing reaction (Tarn et al+, 1993b, 1994;
Chen et al+, 1998, 2001, 2002; Burns et al+, 1999; Tsai
et al+, 1999)+ Therefore it appears that the Ntc might
represent a subcomplex of the spliceosome+

Because we are interested in the particular role
Cdc5p/Cef1p plays in pre-mRNA processing, we have
begun to investigate the full range of proteins with which
it interacts+ Using tandem affinity purification (TAP) fol-
lowed by direct analysis of large protein complex
(DALPC) tandem mass spectrometry (Link et al+, 1999),
we recently identified many proteins that stably asso-
ciated with Sp Cdc5p (termed Cwfs for complexed with
Cdc5p) and Sc Cef1p (termed Cwcs for complexed
with Cef1p; Rigaut et al+, 1999; Tasto et al+, 2001; Ohi
et al+, 2002)+ This analysis indicated that the Sp Cdc5p-
and the Sc Cef1p-containing complexes are nearly
identical in composition and contain many known pre-
mRNA splicing factors, the U2, U5, and U6 snRNAs, as
well as previously uncharacterized proteins+ A subset
of these proteins were also identified as interacting with
Prp19p as part of the systematic analysis of yeast pro-
tein complexes (Gavin et al+, 2002)+

In another approach described here, we performed a
stringent two-hybrid screen, identified Prp19p as a Cef1p
binding partner, and defined the regions of both pro-

teins involved in their association+ Starting with this
interaction, we have extended the range of proteins
binding to either Cef1p or Prp19p (Sp Cdc5p and Cwf8p)
making use of data collected in our proteomics analy-
ses of Cdc5p/Cef1p-associated proteins (McDonald
et al+, 1999; Ohi et al+, 2002) and previous analysis of
the Ntc complex (Tarn et al+, 1994; Chen et al+, 1998,
1999, 2001; Tsai et al+, 1999)+We discover that Snt309p
has functional homologs in other eukaryotes and as-
sign identities to unknown Ntc components+ We have
also studied the consequence of a mutation within the
U-box of Prp19p to the integrity of the complex+ These
data set the foundation for understanding the molecu-
lar architecture of this essential protein unit within the
spliceosome+

RESULTS

Cef1p and Prp19p interact through
conserved regions of each protein

To identify protein–protein interactions that tether Cef1p
to the other components of the Ntc complex, we per-
formed two-hybrid screens looking for Cef1p-interacting
proteins+ Given that we could expect multiple inter-
actions between Cef1p and associated proteins (Chen
et al+, 1998, 1999; McDonald et al+, 1999; Tsai et al+,
1999; Ben-Yehuda et al+, 2000a; Ohi et al+, 2002) that
would not necessarily reflect direct protein binding, we
chose a two-hybrid system that scores only high affinity
interactions (James et al+, 1996)+ Using this approach,
PRP19 (Cheng et al+, 1993) was the only clone isolated
that interacted with CEF1+ Prp19p is a splicing factor
(Tarn et al+, 1993a) that was previously found to inter-
act directly with Cef1p by far western analysis (Tsai
et al+, 1999)+ We identified the S. pombe homolog of
Prp19p, termed Cwf8p, in both our immuno affinity pu-
rification and TAP complex analysis of Cdc5p (Mc-
Donald et al+, 1999; Ohi et al+, 2002)+ Further, the
mammalian PRP19 homolog (Q9UMS4) copurified with
hCDC5 (Ajuh et al+, 2000) suggesting that the inter-
action between these two proteins is highly conserved+

The region of Cef1p important for its interaction with
Prp19p was deduced previously by deletion analysis in
a two-hybrid assay+ Removing a C-terminal portion of
Cef1p eliminated its interaction with Prp19p, implying
that this section may bind Prp19p (Tsai et al+, 1999)+
To prove that this was the case and to fully define
the Prp19p-binding region in Cef1p, we tested a series
of CEF1 constructs for their ability to support inter-
action with full-length PRP19 in the two-hybrid system
(Fig+ 1A,B)+ As observed before (Tsai et al+, 1999), full-
length Cef1p and the C-terminus of Cef1p (CEF1+A)
were able to interact with full-length Prp19p+ As pre-
dicted by the deletion analysis, C-terminal fragments
of Cef1p including residues 443–515 supported the
Prp19p interaction (Fig+ 1A,B)+
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An alignment of Prp19p homologs illustrates a num-
ber of conserved domains that could be involved in
mediating an interaction with CDC5 family members
(Fig+ 2)+ The PRP19 family of proteins share significant
sequence identity throughout their entire lengths and
contain two previously described protein motifs (Fig+ 2)+
At the N-terminus, there is a 63-amino-acid stretch re-
cently defined as a U-box+ This motif is found in Sc

Ufd2p and has been predicted to adopt a RING-like
fold based on sequence-profile analysis (Aravind &
Koonin, 2000)+ In addition to the U-box, Prp19p family
members contain four WD40 repeats, motifs that are
predicted to support specific protein–protein inter-
actions (Smith et al+, 1999)+

To determine if these conserved domains in Prp19p
are required for Cef1p interaction, we tested regions of

FIGURE 1. Definition of sequences supporting Cef1p–Prp19p interaction+ A: PJ69-A was transformed with pGAD424PRP19
and pGBT9 carrying CEF1, CEF1+A, CEF1+B, CEF1+C, CEF1+D, or CEF1+E, which are shown schematically+ Light shaded
portions represent the Myb repeats, and the adjacent box depicts MLR3 (Ohi et al+, 1998)+ 1 denotes growth and 2
represents no growth on selective media+ B: b-galactosidase activity (represented by relative light units) of the strains
described in A+ C: The PJ69-4A strain was transformed with pGBT9CEF1 427–590 (CEF1+C) and pGAD424 carrying
PRP19, PRP19+A, PRP19+B, PRP19+C, PRP19+D, or PRP19+E, which are shown schematically+ The shaded portion rep-
resents the U-box motif+ 1 denotes growth and 2 denotes no grow on selective media+ D: b-galactosidase activity (repre-
sented by relative light units) of the strains described in C+ E: GST or GST-Cef1p 427–590 bound to glutathione beads were
mixed with in vitro-translated Prp19p+ After extensive washes, the proteins were resolved by SDS-PAGE and autoradiog-
raphy+ “Input” represents a sample (1/10) of in vitro-translated Prp19p before the binding reaction+ F: MBP or MBP-Prp19
1-149 (PRP19+B) bound to amylose were mixed with in vitro-translated Cef1p-HA+After extensive washes, the proteins were
resolved by SDS-PAGE and autoradiography+ “Input” represents a sample (1/10) of in vitro-translated Cef1p-HAp before the
binding reaction+ G: MBP-Prp19p 1-149 (PRP19+B) bound to amylose beads was mixed with soluble GST (lane 1)+ GST
(lane 2) or GST-Cef1p 427–590 (CEF1+C) (lane 4) bound to glutathione beads were mixed with soluble MBP-Prp19p 1-149+
GST-Cef1p 427–590 (CEF1+C) bound to glutathione beads was mixed with soluble MBP (lane 3)+All binding reactions were
washed extensively with binding buffer and proteins bound to the glutathione beads or amylose beads were eluted with
sample buffer+ Proteins in lanes 1–4 were visualized by Coomassie blue staining+
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Prp19p for their ability to interact with Cef1p 427–590
(CEF1+C) in the two-hybrid system (Fig+ 1C,D)+ The
N-terminal segments of Prp19p interacted with Cef1p,
whereas the C-terminal segments of Prp19p did not
(Fig+ 1C,D)+ Interestingly, the U-box domain (residues
1–63; PRP19+E) is dispensable for the Cef1p–Prp19p
interaction (Fig+ 1C,D)+ We conclude that residues 64–
149 of Prp19p are sufficient to support an interaction

with Cef1p+Although lacking a recognizable protein mo-
tif, residues 64–149 encompass a conserved sequence
element (Fig+ 2)+

To show that the binding regions mapped in Prp19p
and Cef1p are sufficient for supporting direct inter-
action between these proteins, in vitro binding assays
were performed+ GST-Cef1p 427–590, but not GST
alone, bound labeled in vitro-translated Prp19p (Fig+ 1E)+

FIGURE 2. Alignment of PRP19 homologs+ The ClustalW1+6 program (Thompson et al+, 1994; Feng & Doolittle, 1996) was
used to align Prp19p-related proteins from human (Hs; Q9UMS4), D. melanogaster (Dm; Q9V3B2), C. elegans (Ce;
Q10051), A. thaliana (At; O22785), S. pombe (Sp; O14011), and S. cerevisiae (Sc; P32523)+ Residues found to be identical
or similar to those of human PRP19 are highlighted in black or gray, respectively+ The asterisk indicates the position of the
mutation encoded by the Sc prp19-1 allele+ The U-box (Aravind & Koonin, 2000), a conserved 63-amino-acid motif, is
labeled+ Numbers bracketed by bars indicate the position of four WD40 repeats (Smith et al+, 1999)+
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In a reciprocal experiment,MBP-Prp19p 1–149, but not
MBP alone, bound labeled in vitro-translated Cef1p-HA
(Fig+ 1F)+ Furthermore, GST-Cef1p 427–590, but not
GST alone, bound to MBP-Prp19p 1–149 (Fig+ 1G,
lanes 1–4)+

Snt309p interacts with Prp19p
but not with Cef1p

Although Cef1p and Prp19p interact directly in vitro
(Fig+ 1; Tsai et al+, 1999), this interaction requires
Snt309p at elevated temperatures in vivo (Chen et al+,
1999)+ Snt309p is a nonessential protein identified in a
synthetic lethal screen with prp19-4 and is required
for in vitro splicing at elevated temperatures (Chen
et al+, 1998)+ Further, Snt309p interacts with Prp19p,
but not with Cef1p, by far western analysis (Chen
et al+, 1998)+ To help explain the role of Snt309p in
maintaining Cef1p–Prp19p interaction in vivo, the re-
gion of Prp19p required for its interaction with Snt309p
was mapped using the two-hybrid assay+ As expected,
full-length Prp19p was capable of interacting with
Snt309p (Fig+ 3A,B)+ Neither the C-terminus of Prp19p,
spanning amino acids 150–504 (Prp19+A) nor the
Prp19p U-box domain (PRP19+E) are required for this
interaction+ However both Prp19p 64–149 (PRP19+C)
and Prp19p 1–73 (PRP19+D) interacted with Snt309p
(Fig+ 3A,B), indicating that the residues between 64
and 73 are critical for this association+ Because Cef1p
does not interact with Prp19p 1–73 (PRP19+D) but does
interact with Prp19p 64–149 (Fig+ 1C,D), the binding
sites for Snt309p and Cef1p on Prp19p are not identi-
cal+ These results are consistent with the interpretation
that Cef1p and Snt309p associate independently with
Prp19p+ However, the proximity of the binding sites
suggests that Snt309p binding might influence the local
structure of Prp19p with consequence to Cef1p binding
in vivo+The proximity of the two binding sites also raised
the possibility that Snt309p might interact with Cef1p+
However, we obtained no evidence for a direct Cef1p–
Snt309p interaction in either the two-hybrid or the re-
ticulocyte lysate systems (Fig+ 3A,B; data not shown),
results consistent with the inability of Snt309p to bind
Cef1p by far western analysis (Chen et al+, 1998)+

Genetic interactions among CEF1, SNT309,
and PRP19

The importance of these protein–protein interactions
in vivo was confirmed by genetic analyses+ First, we
tested whether overexpression of the various genes
could suppress temperature-sensitive phenotypes of
cef1-13 (Burns et al+, 2002), prp19-1 (Chen et al+, 1998),
or snt309D (Chen et al+, 1998) strains+ Overexpression
of CEF1 or SNT309 but not PRP19 or PRP19.B res-
cued growth of cef1-13 at 36 8C (Fig+ 4A)+ prp19-1 cells
overexpressing PRP19 or PRP19.B grew at the re-

strictive temperature, whereas the overexpression
of CEF1 or SNT309 did not rescue prp19-1 growth
(Fig+ 4A)+ SNT309D cells were rescued at 36 8C by the
overexpression of SNT309 and PRP19, but not by the
overexpression of CEF1 or PRP19.B (Fig+ 4A)+

Second, we examined whether there were syn-
thetic lethal interactions between cef1-13, prp19-1, and
snt309D. The cef1-1 prp19-1 and the cef1-13 snt309D
double mutants were able to form colonies on me-
dium selecting for a CEF1-expressing plasmid, but
they were inviable on medium containing 5-FOA
(Fig+ 4B,C)+ We conclude that cef1-13 is synthetically
lethal with both prp19-1 and snt309D+

SNT309 was isolated in a synthetic lethal screen with
prp19-4 (Chen et al+, 1998)+ Surprisingly these authors
did not find that snt309D and prp19-1 were syntheti-
cally lethal+ The ability of increased PRP19 expression
to suppress snt309D led us to reexamine this genetic
interaction+ A CEN URA3-marked plasmid carrying a
genomic clone of PRP19 was introduced into a MATa/a
prp19-1/PRP19 snt309D/SNT309 double heterozygote
prior to sporulation+A haploid double mutant strain car-
rying the plasmid was isolated+ Although the prp19-1
snt309D double mutant was able to form colonies on
medium selecting for the PRP19-expressing plasmid, it
was inviable on medium containing 5-FOA (Fig+ 4D)+
Thus, we conclude that prp19-1 and snt309D are syn-
thetically lethal+ In sum, these numerous genetic inter-
actions support the importance of the direct physical
associations described above+

Sp Cwf7p is a functional counterpart
of Sc Snt309p

Sp Cwf7p was identified in all of our Sp Cdc5p puri-
fications+ Cwf7p is an essential splicing factor (Ohi
et al+, 2002) that has obvious homologs in other or-
ganisms (D. melanogaster Q9VAY6 and C. elegans
Q22417)+ Its human homolog, SPF27 (Human O75934)
copurified with hCDC5 in a core of four proteins, sug-
gesting that it closely associates with hCDC5 (Ajuh
et al+, 2000)+ Although no similar protein was de-
tected in the S. cerevisiae database, Sc Snt309p is
of similar molecular weight and associates with Prp19p+
For these reasons, we asked whether Sp Cwf7p might
be a functional homolog of Sc Snt309p+ We first tested
whether Sp Cwf7p interacted with Sp Cwf8p (Cwf8p
is the S. pombe homolog of Prp19p) in the two-
hybrid system+ A fragment encompassing the entire
C-terminus of Cwf8p (cwf8+A) or just amino acids 57–
141 (cwf8+B) supported a two-hybrid interaction with
Cwf7p (Fig+ 3C,D)+ Therefore, homologous sequence
elements mediate Snt309p-Prp19p and Cwf7p-Cwf8p
interactions+ Further, overexpression of the cwf71cDNA
rescued growth of snt309D cells at 36 8C (Fig+ 3E)+
We conclude that Sp Cwf7p is a functional homolog
of Sc Snt309p+
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Evidence that Prp19p interacts with Cwc2p

In addition to Cef1p (Ntc85p) and Snt309p (Ntc25p),
Prp19p binds a 40-kDa protein (Ntc40p) by far west-
ern analysis (Tarn et al+, 1994) whose identity has
not yet been reported+ Based on its predicted molec-
ular weight, we reasoned that Sc Cwc2p might rep-
resent Ntc40p+ This possibility was first tested by
two-hybrid analysis, and satisfyingly, full-length Cwc2p

was found to interact with Prp19p+ The association
region in Cwc2p was further mapped to amino acids
228–340 in the C-terminus (Fig+ 5A,B)+ Cwc2p, an
essential protein of previously undescribed function,
contains an RNA recognition motif (RRM; residues
159–168 and 194–203) that is known to facilitate both
protein–RNA and protein–protein interactions (Shamoo
et al+, 1995; Sakashita & Sakamoto, 1996; Samuels
et al+, 1998)+ The Prp19p-binding segment is distinct

FIGURE 3. Interaction of Sc Snt309p and its S. pombe homolog, Cwf7p, with Prp19p/Cwf8p+ A: The PJ69-4A strain was
transformed with pGBT9SNT309 and pGAD424 carrying PRP19, PRP19+A, PRP19+B, PRP19+C, PRP19+D, CEF1, CEF1+A,
CEF1+B, or CEF1+C, which are shown schematically+ Shaded portions are as described in Figure 1A,C, with the exception
of the black box in Cef1p, which represents the Prp19p binding domain+ 1 denotes growth and 2 denotes no growth on
selective media+ B: b-galactosidase activity (represented by relative light units) of the strains described in A+ C: The
PJ69-4A strain was transformed with pGBT9CWF7 and pGAD424 carrying one of the CWF8 fragments CWF8+A or
CWF8+B, which are shown schematically+ Shaded portions are as described in Figure 1A,C+ 1 denotes growth and 2
denotes no grow on selective media+ D: b-galactosidase activity (represented by relative light units) of the strains described
in C+ E: cDNAs encoding Sc SNT309 and Sp cwf71 were placed under the control of the GAL1 promoter in a 2-mm plasmid+
Empty plasmid (pGAL1), pGAL1SNT309, or pGAL1cwf71 were transformed into the SNT309D strains and struck to medium
lacking glucose at 25 8C and 36 8C and checked for growth after 5 days+
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from the RRM domain+ The region within Prp19p re-
quired for Cwc2p interaction was also narrowed+ A
C-terminal segment of Prp19p spanning amino acids
150 to 504 (PRP19+A) interacted with Cwc2p, whereas
the N-terminal segments did not (Fig+ 5C,D)+ There-
fore it is most likely that the Cwc2p-binding site in
Prp19p is located downstream of the Cef1p-binding
site but upstream of the first WD40 repeat (Prp19p
;140–219; see alignment Fig+ 2)+ To test whether
Cwc2p and Prp19p might interact directly, we pro-
duced a MBP-Cwc2p 228–340 fusion protein and de-
termined that it, but not MBP alone, could bind to in
vitro-translated labeled Prp19p (Fig+ 5E)+ From these
data, Cwc2p most likely represents Ntc40p+

Based on the interaction with Prp19p, we would
expect Cwc2p to be important for pre-mRNA splicing+
To test this, we engineered a heat-inducible degron

mutant, cwc2-td, by fusing a degron cassette to the
N-terminus of Cwc2p (Dohmen et al+, 1994; Labib
et al+, 1999)+ cwc2-td cells did not divide after being
placed at the restrictive temperature (data not shown)+
After 1 h at the restrictive temperature, there was an
accumulation of DYN2 pre-mRNA in cwc2-td cells
(Fig+ 5F)+ These data indicate that Sc Cwc2p is likely
to be involved in pre-mRNA splicing+

Further evidence that Sc Cwc2p is important for pre-
mRNA splicing comes from work with Sp cdc5-120+ Sp
cdc5-120 displayed a negative genetic interaction with
Sp prp3-1 (Potashkin et al+, 1998; not to be confused
with Sc PRP3 that encodes an unrelated protein) but
not with numerous other prp mutants (data not shown)+
We cloned a gene fragment that rescued prp3-1, de-
termined it corresponded to the mutant gene by inte-
gration mapping (data not shown), and found by DNA

FIGURE 4. Genetic interactions between CEF1, PRP19, and SNT309+ A: cDNAs encoding CEF1, SNT309, PRP19, and
PRP19+B were placed under the control of the GAL1 promoter in a 2-mm plasmid+ Empty plasmid (pGAL1), pGAL1CEF1,
pGAL1SNT309, pGAL1PRP19, or pGAL1PRP19.B were transformed into the cef1-13, prp19-1, or SNT309D strains and
struck to medium lacking glucose at 25 8C and 36 8C and checked for growth after 5 days+ B: cef1-13 and prp19-1 are
synthetically lethal+ A cef1-13 prp19-1 double mutant strain expressing CEF1 from a URA3-based plasmid was struck to
SC-Ura (left panel) or SC1Ura15-FOA (right panel) and incubated for 3 days at 25 8C+ C: cef1-13 and SNT309D are
synthetically lethal+ A cef1-13 SNT309D double mutant strain expressing CEF1 from a URA3-based plasmid was struck to
SC-Ura (left panel) or SC1Ura15-FOA (right panel) and incubated for 3 days at 25 8C+ D: SNT309D and prp19-1 are
synthetically lethal+ A prp19-1 SNT309D double mutant strain expressing PRP19 from a URA3-based plasmid was struck
to SC-Ura (left panel) or SC1Ura15-FOA (right panel) and incubated for 3 days at 25 8C+
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sequence analysis that it contained a single open read-
ing frame corresponding to cwf21 (the S. pombe ho-
molog of CWC2)+ Thus, cwf21 is allelic with prp31+
Because the prp3-1 mutant accumulates pre-mRNAs
at restrictive temperature (Potashkin et al+, 1998), these
observations suggest that both Sp Cwf2p and Sc Cwc2p
are involved in pre-mRNA splicing+

Evidence that Cef1p interacts with Prp46p

prp5-1 and cdc5-120 showed a strong negative genetic
interaction, suggesting that these proteins might inter-
act physically (McDonald et al+, 1999)+ This coupled
with the predicted molecular weight of Sp Prp5p and its
S. cerevisiae homolog Prp46p led us to propose that
Sc Prp46p might represent Ntc50p (Ohi et al+, 2002)+
Further evidence supporting this conclusion came from
sucrose gradient analyses of the Sp Cwf complex in

the cdc5 -tsDC mutant background+ These cells ex-
press a C-terminally truncated form of Cdc5p and are
temperature sensitive for growth+ Sp Prp5p but not Sp
Cwf8p dissociated from the 40S Cdc5p-containing com-
plex in these cells at the restrictive temperature (W+H+
McDonald & K+L+Gould, unpubl+ observation), suggest-
ing that the C-terminus of Sp Cdc5p might interact with
Sp Prp5p+ Thus, we asked whether the S. cerevisiae
homolog of Sp Prp5p, Prp46p,would interact with Cef1p
in the two-hybrid assay+ Indeed, full-length Sc Cef1p
and C-terminal Cef1p fragments supported the Prp46p
interaction (Fig+ 6A,B)+

Homologs of Sp Prp5p share significant sequence
identity throughout their entire lengths and contain four
WD40 repeats+ A fragment of Sc Prp46p containing
all four WD40 repeats (PRP46+C) was sufficient to
support interaction with Cef1p, whereas an N-terminal
segment (PRP46+A) did not (Fig+ 6C,D)+ We have not

FIGURE 5. Cwc2p interacts with Prp19p+ A: The PJ69-4A strain was transformed with pGAD424PRP19 and pGBT9
carrying CWC2, CWC2+A, or CWC2+B, which are shown schematically+ Shaded portions represent the RRM domain+ 1
denotes growth and 2 denotes no grow on selective media+ B: b-galactosidase activity (represented by relative light units)
of the strains described in A+ C: The PJ69-4A strain was transformed with pGBT9CWC2+B and pGAD424 carrying PRP19,
PRP19+A, PRP19+B, or PRP19+C, which are shown schematically+ Shaded portion represents the U-box domain+1 denotes
growth and 2 denotes no growth on selective media+ D: b-galactosidase activity (represented by relative light units) of the
strains described in C+ E: MBP or MBP-Cwc2p 228–340 (Cwc2+B) bound to amylose beads were mixed with in vitro-
translated Prp19p+ After extensive washes, the proteins were resolved by SDS-PAGE and autoradiography+ “Input” repre-
sents a sample (1/10) of in vitro-translated Prp19p added to the binding reaction+ F: RT-PCR analysis of DYN2 and CDC34
RNA isolated from cwc2-td cells grown at 37 8C for 0 or 1 h, prp3-1 cells grown at 37 8C for 0 or 2 h, or wild-type cells grown
at 37 8C for 2 h+ 2: reverse transcriptase was not added+ 1: reverse transcriptase was added+ PC: precursor; M: mature+
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tested which WD40 repeat(s) is required for this
interaction+

To test whether these proteins might interact directly,
an in vitro binding assay was performed+ MBP-Prp46p
106–450, but not MBP alone, bound to labeled in vitro-
translated Cef1p-HA (Fig+ 6E)+ This interaction be-
tween Prp46p and Cef1p strongly suggests that Sc
Prp46p represents Ntc50p+

Evidence that Syf1p interacts with Cef1p

We proposed that Sc Syf1p might represent Ntc90p
(Ohi et al+, 2002)+ This possibility was tested by exam-

ining protein–protein interactions between Syf1p and
other Ntc components using two-hybrid analysis+ Sat-
isfyingly, Syf1p interacted with Cef1p, Ntc20p, Ntc30p/
Isy1p, Syf1p, Clf1p, and Prp46p (Ntc50p) (Fig+ 7A,B,F),
suggesting that Syf1p represents Ntc90p+

Syf1p homologs exist in a variety of organisms (Sp
Cwf3p, Q9P7R9; Human AAH07208; D. melanogaster
Q9V6S4; and C. elegans P91175)+ The SYF1 family of
proteins share significant sequence identity throughout
their entire lengths and contain a series of nine tetratri-
copeptide repeats (TPR) most similar to D. melanogas-
ter crooked neck (crn; Zhang et al+, 1991; Verhasselt &
Volckaert, 1997; Ben-Yehuda et al+, 2000a)+A fragment

FIGURE 6. Prp46p interacts with Cef1p+ A: The PJ69-4A strain was transformed with pGAD424PRP46 and pGBT9 car-
rying CEF1, CEF1+A, CEF1+B, CEF1+C, or CEF1+D, which are shown schematically+ Light shaded portions represent the R1
and R2 Myb repeats, the open box depicts MLR3, and the dark shaded region represents the Prp19p binding region in
Cef1p+ B: b-galactosidase activity (represented by relative light units) of the strains described in A+ C: The PJ69-4A strain
was transformed with pGBT9CEF1 and pGAD424 carrying PRP46, PRP46+A, PRP46+B, PRP46+C or PRP46+D, which are
shown schematically+ Shaded portion represents the four WD40 domains+ 1 denotes growth and 2 denotes no growth on
selective media+ D: b-galactosidase activity (represented by relative light units) of the strains described in C+ E: MBP or
MBP-Prp46p 106–450 (Prp46+B) bound to amylose beads were mixed with in vitro-translated Cef1p-HA+ After extensive
washes, the proteins were resolved by SDS-PAGE and autoradiography+ “Input” represents a sample (1/10) of in vitro-
translated Cef1p-HA added to the binding reaction+
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of Syf1p containing a majority of the TPR repeats
(SYF1+B) was sufficient to support interaction with
Cef1p, Ntc20p, Syf1p, Clf1p, and Prp46p, whereas an
N-terminal segment (SYF1+A) did not (Fig+ 7A,B,F; data
not shown)+ However, the N-terminal segment of Syf1p
containing TRP1 (SYF1+A) was sufficient to support
interaction with Ntc30p/Isy1p (data not shown)+We have
not examined which TPR(s) repeats in the C-terminus
are required to support the individual interactions be-
tween Syf1p and Cef1p,Ntc20p,Syf1p,Clf1p, or Prp46p+

It is most likely that some of these interactions will
require other Cwc members+

To define the Syf1p binding region in Cef1p, we
tested a series of CEF1 constructs for their ability to
support interaction with SYF1+B in the two-hybrid sys-
tem (Fig+ 7C,D)+ SYF1+B interacted with both CEF1+A
and CEF1+B but not with CEF1+C (Fig+ 7C,D) There-
fore Syf1p interacts with the region of Cef1p down-
stream from the Myb repeats but upstream of both
the Prp46p and Prp19p binding regions+ To test if this

FIGURE 7. Protein–protein interactions mapped between Ntc components+ A: The PJ69-4A strain was transformed with
pGBT9424CEF1 and pGAD424 carrying SYF1, SYF1+A, or SYF1+B, which are shown schematically+ Shaded boxes rep-
resent the TPR motifs+ 1 denotes growth and 2 denotes no growth on selective media+ B: b-galactosidase activity
(represented by relative light units) of the strains described in A+C: The PJ69-4A strain was transformed with pGAD424SYF1+B
and pGBT9 carrying CEF1, CEF1+A, CEF1+B, or CEF1+C, which are shown schematically+ Light shaded portions represent
the R1 and R2 Myb repeats, the open box depicts MLR3, and the dark shaded region represents the Prp19p binding region
in Cef1p+ 1 denotes growth and 2 denotes no growth on selective media+ D: b-galactosidase activity (represented by
relative light units) of the strains described in C+ E: MBP or MBP-Syf1p 189–859 (Syf1+B) bound to amylose beads were
mixed with in vitro-translated Cef1p-HA+ After extensive washes, the proteins were resolved by SDS-PAGE and autoradi-
ography+ “Input” represents a sample (1/10) of in vitro-translated Cef1p-HA before the binding reaction+ F: Summary of
two-hybrid interactions found between Ntc components Prp46p, Syf1p, Clf1p, Ntc20p, and Ntc30p with Cef1p, Prp19p,
Snt309p, Cwc2p, Ntc20p, Ntc30p, Syf1p, Prp46p, and Syf1p+ 1 denotes growth and 2 denotes no growth on selective
media+
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might be direct, an in vitro binding assay was per-
formed with Syf1p+ MBP-Syf1p 189–859, but not MBP
alone, bound to labeled in vitro-translated Cef1p-HA
(Fig+ 7E)+

To further delineate the molecular architecture of the
Ntc complex, all possible interactions between Cef1p,
Prp19p, Snt309p, Cwc2p (Ntc40p), Prp46p (Ntc50p),
Syf1p (Ntc90p), Clf1p (most likely Ntc77p), Ntc30p, and
Ntc20p were examined+ Figure 7F summarizes these
results+ The molecular weight of Clf1p and its ability of
to interact with Cef1p, Ntc20p, Ntc30p, Syf1p (Ntc90p),
and Prp46 (Ntc50p) make it likely that Clf1p represents
Ntc77p+

The prp19-1 mutation disrupts important
protein–protein interactions

The mutation in Prp19-1p lies in the conserved U-box
motif and results in the substitution of an isoleucine for
the conserved valine at position 14 (Chen et al+, 1998)+
Because this domain is not required for interactions be-
tween Prp19p–Cef1p or Prp19p–Snt309p,we predicted
that Cef1p and Snt309p would still be able to interact
with the Prp19-1p mutant+ However, neither CEF1.C
nor SNT309 could interact with prp19-1 or prp19-1.B
(Fig+ 8A,B)+ One explanation for these results would be
that Prp19-1p is an unstable protein+ To examine this
possibility, the prp19-1 locus was engineered to encode
a protein with a C-terminal myc epitope tag+ The addi-
tion of this tag did not interfere with the strain’s growth
at 25 8C and Prp19-1p-myc still associated with Cef1p
at 25 8C (data not shown)+ To examine the temperature-
sensitive phenotype of this strain,PRP19-myc, prp19-1,
and prp19-1-myc strains were grown to mid-log phase
at 25 8C and shifted to the restrictive temperature+
After 4 h, prp19-1-myc cell numbers stopped increas-
ing whereas PRP19-myc cells continued to divide ex-
ponentially and prp19-1 cells doubled at least twice

(Fig+ 8C)+ Therefore, the myc tag appears to exacer-
bate the temperature sensitivity of Prp19-1p+ However,
Prp19-1p-myc levels remained constant throughout the
experiment (Fig+ 8D), indicating that the mutant protein
is not thermosensitive+

We examined the interactions of Cef1p, Snt309p, and
Cwc2p with each other and with the complex in vivo in
the prp19-1 mutant+ To analyze Cef1p levels, we raised
polyclonal antibodies and tested their specificity by im-
munoblotting+ From wild-type cells, the anti-Cef1p se-
rum recognized a single band of expected size (68 kDa;
Fig+ 8E)+ From a strain in which the CEF1 locus was
engineered to encode Cef1p-myc, a single band was
again recognized that corresponded to the predicted
increase in molecular mass attributable to the epitope
tag (Fig+ 8E)+ Finally, the ;68 kDa band was recog-
nized in lysates from CEF1 null cells covered by
pGAL1CEF1 in the absence of glucose (GAL1 pro-
moter on), but not in the presence of glucose (GAL1
promoter off; Fig+ 8E)+ Using these specific antibodies,
Cef1p levels were examined in the prp19-1 strain and
found to be reduced at permissive temperature, difficult
to detect at 2 h into the time course, and undetectable
at 4 h into the time course (Fig+ 8F)+ Snt309p-myc lev-
els decreased somewhat throughout the experiment
but remained at detectable levels (Fig+ 8F)+ Cwc2p-
myc levels remained constant throughout the experi-
ment (Fig+ 8F)+

To determine if these proteins were still associated with
a high molecular weight complex in prp19-1 cells,we ex-
amined the sedimentation characteristics of Snt309p-
myc and Cwc2p-myc in prp19-1 strains after 0, 2 and 8 h
at restrictive temperature+ When isolated from prp19-1
cells grown at 25 8C, these proteins sedimented primar-
ily in two regions of the gradient (Fig+ 8G), similar to what
we observed with Cef1p-myc and Prp19p-myc (data not
shown)+ In a prp19-1 grown at the restrictive tempera-
ture for 2 and 8 h, however, these proteins were de-

FIGURE 8. Characterization of prp19-1+ A: The PJ69-4A strain was transformed with pGBT9 carrying the CEF1 fragment
CEF1+C or SNT309 and pGAD424 carrying either PRP19+B or prp19-1+B, which are shown schematically+ Shaded portions
are as described in Figure 1C+ An asterisk depicts the location of the mutation found in prp19-1+ B: b-galactosidase activity
(represented by relative light units) of the strains described in A+ C: Exponentially growing PRP19-myc (KGY1604), prp19-1
(KGY1811), and prp19-1myc cells (KGY1655) were shifted to 36+0 8C at t 5 0 and samples collected at 2-h intervals to
determine cell number+ Filled diamonds: PRP19-myc; filled squares: prp19-1; filled triangles: prp19-1myc. D: Lysate from
prp19-1myc (KGY1655) was probed with anti-myc and anti-PSTAIR antibodies after 0, 2, 4, 6, and 8 h at 36 8C+
E: Characterization of affinity-purified Cef1p antibodies (VU136#9)+An immunoblot of straight lysates from wild-type (YPH98)
cells (lane 1), Cef1-myc (KGY1601) cells (lane 2), and from CEF1 null cells covered by pGAL1CEF1 (KGY1120; Ohi et al+,
1998) in the absence (2, GAL1 promoter on) or presence (1; GAL1 promoter off) of glucose+ F: Lysates from CWC2-myc
(KGY1606), SNT309-myc (KGY2401), SNT309-myc prp19-1 (KGY1997), and CWC2-myc prp19-1 (KGY2406) were probed
with anti-Cef1p, anti-myc, and anti-PSTAIR antibodies after 0, 2, 4, 6, and 8 hours at 36 8C+G: Snt309p-myc and Cwc2p-myc
do not sediment in a large complex in the prp19-1 background+ Immunoblots on fractions from 10–30% sucrose gradients+
Lysates from SNT309-myc prp19-1 (KGY1997) and CWC2-myc prp19-1 (KGY2406) after 0, 2, and 8 h at 36 8C probed with
anti-9E10 antibodies+ The migration of FAS (40S), thyroglobulin (19S), and catalase (11+3S) collected from parallel gradients
is indicated+ H: Prp46p, Syf1p, and Clf1p no longer sediment in large complexes in the prp19-1 background+ Immunoblots
on fractions from 10–30% sucrose gradients+ Lysates from PRP46-myc prp19-1 (KGY2078), SYF1-myc prp19-1 (KGY1659),
and CLF1-myc prp19-1 (KGY1660) after 0, 2, and 8 h at 36 8C probed with anti-9E10 antibodies+ The migration of FAS (40S),
thyroglobulin (19S), and catalase (11+3S) collected from parallel gradients is indicated+
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tected primarily near the top of the gradient (Fig+ 8G)+
We also examined the sedimentation characteristics of
Prp46p (Ntc50p), Syf1p (Ntc90p), and Clf1p (Ntc77p)+
Prp46p,Syf1p-myc, and Clf1p-myc levels remained con-
stant throughout the temperature shift (data not shown)
and sedimented in two regions of the gradient when
isolated from prp19-1 cells grown at 25 8C (Fig+ 8H)+

However, in prp19-1 cells grown at the restrictive tem-
perature, Prp46p-myc, Syf1p-myc, and Clf1p-myc are
less abundant at the high molecular weight fractions at
2 h and sediment near the top of the gradient by 8 h
(Fig+ 8H)+ We conclude that a mutation in the U-box of
Prp19p disrupts the integrity of the Ntc subcomplex
and leads to Cef1p degradation+

FIGURE 8. (See caption on facing page.)
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DISCUSSION

In this study, we have concentrated on mapping ge-
netic and physical interactions involving Cef1p, its bind-
ing partner, Prp19p, and other components of the Ntc+
We identified four conserved proteins that interact with
Cef1p or Prp19p, suggesting that they represent pre-
viously uncharacterized Ntc components, mapped im-
portant interactions between these and known Ntc
proteins (summarized in Fig+ 9A), and demonstrated
an involvement of one such uncharacterized protein,
Cwf2p/Cwc2p, in pre-mRNA splicing+ Ntc compo-
nents exist within a larger complex that contains the
U2, U5, and U6 snRNAs (Ohi et al+, 2002) and are
also found in the penta-snRNP (Stevens et al+, 2002)+
However, the Ntc has been isolated as a distinct unit,
indicating that its constituents bind directly with one
another (Tarn et al+, 1994; Chen et al+, 1998, 2001;
Tsai et al+, 1999)+ Although this property of these S.
cerevisiae splicing factors has been useful for the pur-
pose of mapping protein–protein interactions, we note
that there is no evidence for the existence of this
smaller protein unit in fission yeast; Sp Cdc5p has
only been detected within a larger complex that con-
tains snRNAs (McDonald et al+, 1999; Ohi et al+, 2002)+

Identified Ntc members included Prp19p (the found-
ing member of the complex), Cef1p (Ntc85p), Snt309p
(Ntc25p), Syf2p (Ntc31p), Isy1p (Ntc30p), and Ntc20p+
We found that both Cef1p and Snt309p interact in-
dependently with residues 64–149 of Prp19p (Figs+ 1
and 3)+ Consistent with this, we have uncovered many
genetic interactions between mutations of the genes
encoding Prp19p, Cef1p, and Snt309p (Fig+ 4)+ These
include synthetic lethal interactions between cef1-13,
snt309D, and prp19-1, as well as the rescue of the
temperature-sensitive phenotype of cef1-13 by over-
expression of SNT309+ These data are consistent with
the observation that Snt309p stabilizes Prp19p’s inter-
action with other Ntc members (Chen et al+, 1999)+ The
72-amino-acid region of Cef1p that binds Prp19p con-
tains a 4-amino-acid EVES motif that was first identi-
fied in vertebrate c-Myb proteins (Dash et al+, 1996)+
This motif mediates protein–protein interactions be-
tween Myb and interacting components, which raised
the possibility that these residues may be important for
Cef1p–Prp19p protein interaction+ However, mutation
of these amino acids, either separately or in combina-
tion, did not disrupt interaction between Cef1p and
Prp19p (data not shown)+

Because of the conservation found between the Sc
Cwc and Sp Cwf spliceosomal complexes, we were
puzzled by the observation that S. pombe and higher
eukaryotes do not have obvious Sc Snt309p homo-
logs+However, Sp Cwf7p was a similar molecular weight
to Sc Snt309p and also, the mammalian homolog of Sp
Cwf7p, SPF27, copurified with hCDC5 in a core of four
proteins, suggesting it is closely associated with hCDC5
(Ajuh et al+, 2000)+ For these reasons,we tested whether
Sp Cwf7p might be a functional homolog of Sc Snt309p+
Indeed, overexpression of Sp cwf71 cDNA rescued the
SNT309 null mutation+ Moreover, Sp Cwf7p interacted
with the same conserved sequence element of Sp
Cwf8p that mediates Sc Snt309p interaction with Sc
Prp19p+ The observation that Sp Cwf7p and Sc Snt309p
are functional homologs provides further evidence that
spliceosomes from the two yeasts are organized in a
similar manner+

Our results of an interaction between Cef1p and
Prp46p complement those of Ajuh et al+ (2001)+ The
human homolog of Sp Prp5p and Sc Prp46p, hPRL1,
was identified as a member of the mammalian splice-
osome and a core component of the CDC5L complex
(Neubauer et al+, 1998; Ajuh et al+, 2000)+ As in the
case of yeast, the WD40 repeats of the human ho-
molog interact with the C-terminus of hCDC5 (Ajuh
et al+, 2001)+ This interaction is not mutually exclu-
sive, as Prp19p and Prp46p bind to distinct regions
of Cef1p (compare Fig+ 1A and Fig+ 6A)+ In S. pombe,
cdc5-120 and prp5-1 are synthetically lethal, provid-
ing further evidence that the interaction between these
two proteins is evolutionarily conserved (McDonald
et al+, 1999)+

FIGURE 9. Protein–protein interactions among members of the Ntc+
A: Summary of regions found to support protein–protein interactions
in two-hybrid and in vitro binding assays+ Shaded arrows represent in
vitro binding results+ B: Model of protein–protein interactions mapped
between Cef1p, Prp19p, Snt309p, Cwc2p, Ntc20p, Ntc30p, Syf1p,
Prp46p, and Syf1p+ Solid lines represent protein–protein interactions
detected by in vitro binding assays and far western analysis (Chen
et al+, 1999; Tsai et al+, 1999)+ Dotted lines represent protein–protein
interactions found by two-hybrid analysis+
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We have shown that Cwc2p binds to Prp19p and is
required for pre-mRNA splicing in vivo (Fig+ 5) and that
its S. pombe homolog, Cwf2p is allelic to Sp Prp3p,
strongly suggesting that this 40-kDa protein represents
the previously uncharacterized Ntc40p+ These data ex-
tend the direct binding interactions observed in previ-
ous analyses of the Ntc complex (Tarn et al+, 1994;
Chen et al+, 1998, 2002; Tsai et al+, 1999)+

To further delineate the molecular architecture of the
Ntc complex, we examined all possible protein–protein
interactions between Cef1p, Prp19p, Snt309p, Cwc2p
(Ntc40p), Prp46p (Ntc50p), Syf1p (Ntc90p),Clf1p (most
likely Ntc77p), Isy1p (Ntc30p), and Ntc20p using two-
hybrid analysis+ Figure 9B summarizes these results
as well as in vitro binding interactions we detected+ As
indicated by the dotted lines, in vitro binding inter-
actions were not always detected despite strong two-
hybrid interactions+ For example, MBP-Cwc2p was not
able to bind to in vitro-translated Isy1p (Ntc30p), nor
did MBP-Ntc20p bind to in vitro-translated Prp46p (data
not shown)+ There are several possible explanations
for such results+ The first is that the two-hybrid inter-
actions require a bridging protein(s)+ In this scenario,
the tested proteins do not make direct contact with one
another+ The second possibility is that certain inter-
actions might require separate interactions that provide
stability to the one under examination+ With the under-
standing that these proteins form a discrete complex, it
is not difficult to imagine an interdependence of protein
interactions+ A third possibility is that posttranslational
modifications of the proteins that do not occur in vitro
may be required for binding+

Other groups have previously noted numerous two-
hybrid interactions between Cef1p,Syf1p,Clf1p,Ntc30p/
Isy1p, and Ntc20p (Ben-Yehuda et al+, 1998, 2000b;
Dix et al+, 1998; Russell et al+, 2000), although it has not
been appreciated that these interactions occur within
the context of a stable complex+ Although we have not
yet placed Ntc30p/Isy1p or Ntc20p within the complex,
we have made significant progress in mapping protein
interactions between identified and previously uniden-
tified Ntc components+ Interestingly, we have been un-
able to detect an interaction between Ntc30p/Isy1p and
Cef1p that was reported by Ben-Yehuda et al+ (2000b)+
Such an interaction was also not detected by far west-
ern analysis (Tsai et al+, 1999; Chen et al+, 2001)+While
our paper was under revision, complementary conclu-
sions regarding the identity of Ntc77p as Clf1p and
Ntc90p as Sylf1p were published by Chen et al+ (2002)+
These authors also determined that Clf1p and Syf1p
interacted with Cef1p, Ntc20p, and Isy1p (Ntc30p) by
two-hybrid analysis+

Of significance to understanding Cdc5p/Cef1p func-
tion was our finding that a mutation in PRP19 led to
loss of Cef1p+ This indicates that Cef1p/Cdc5p function
depends on its interaction with Prp19p+ In light of this
finding, although a number of reports have suggested

a role for hCDC5 in transcriptional regulation (Hirayama
& Shinozaki, 1996; Bernstein & Coughlin, 1997, 1998;
Groenen et al+, 1998), it is likely that Cdc5p/Cef1p is
involved primarily in pre-mRNA processing, as no tran-
scriptional function has been attributed to Prp19p+

Of significance to understanding Prp19p function, we
have found that Prp19p is required to maintain the or-
ganization of the Ntc unit, including Cef1p, Cwc2p,
Snt309p, Prp46p, Syf1p, and Clf1p+ These data, cou-
pled with the recent observation that hNMP200, a nu-
clear matrix protein, represents hPRP19 (Gotzmann
et al+, 2000) suggests a role for Prp19p as a scaffolding
protein+ In this scenario, Prp19p, which is believed to
have the ability to oligomerize (Cheng et al+, 1993),
would provide a platform for Cef1p, Snt309p, Cwc2p,
and other components of the Ntc complex to organize
upon+ That proteins other than those described here
bind Prp19p directly is likely, as no protein interactions
have yet been mapped to its U-box or WD40 repeats+

The presence of the U-box in Prp19p raises the in-
triguing possibility that Prp19p is involved in protein
ubiquitination+ Originally characterized in Sc Ufd2p, the
U-box domain has been predicted to adopt a RING-fold
based on sequence-profile analysis (Koegl et al+, 1999;
Aravind & Koonin, 2000)+ Proteins containing RING do-
mains have been shown to mediate the highly regu-
lated step of substrate recognition in the ubiquitination
cascade, facilitating the transfer of activated ubiquitin
from the E2 to the substrate+ In addition to marking a
protein for proteolysis by the 26S proteosome, ubiqui-
tination has also been shown to regulate other cellular
processes (reviewed in Freemont, 2000; Jackson et al+,
2000; Tyers & Jorgensen, 2000; Pickart, 2001)+ Al-
though the structure of the U-box motif has yet to be
solved, several U-box-containing proteins, including hu-
man PRP19, have been shown to act as E3 ligases in
vitro (Koegl et al+, 1999; Hatakeyama et al+, 2001; Jiang
et al+, 2001)+ Because a mutation within the U-box (in
Prp19-1p) disrupts the structure of the Ntc and pre-
mRNA splicing, it will be interesting to determine if the
U-box facilitates ubiquitination of Ntc complex mem-
bers and what role such ubiquitination might play in
pre-mRNA splicing+

MATERIAL AND METHODS

Strains and media

S. cerevisiae strains used in this study (Table 1) were grown
either in synthetic minimal medium with the appropriate nu-
tritional supplements or YPD (Guthrie & Fink, 1991)+ Trans-
formations were performed by the lithium acetate method
(Gietz et al+, 1995)+ Yeast two-hybrid studies were done in S.
cerevisiae strain PJ69-4A (KGY1296; James et al+, 1996)+
MAT a prp19-1 was backcrossed three times to YPH98 prior
to analysis+ For determination of cell numbers, samples were
prepared and analyzed on a Coulter Multisizer II (Coulter
Electronics Ltd+, England) as described (Ohi et al+, 1998)+

Interactions among the Cef1p-Prp19p-associated splicing complex 811



Gene disruptions and shut-off strain

Deletion of the SNT309 coding sequence was performed by
replacing the entire ORF with the HIS3 gene as described
previously (Ohi et al+, 1998) and confirmed by PCR+ A sepa-
rate snt309D strain was obtained from Research Genetics
(Huntsville, Alabama)+ Both were utilized to confirm the syn-
thetic lethality of snt309D prp19-1.

To construct cwc2-td, CWC2 cDNA was used to replace
the HindIII fragment of pPW66R (Dohmen et al+, 1994)+ The
resulting plasmid was linearized with Pst1 and integrated at
the ura3 locus of a diploid with one copy of the CWC2 gene
replaced with HIS3+ Tetrad dissection was used to produce a
strain in which the only functional copy of the CWC2 gene
was expressed from the copper-inducible CUP1 promoter,
with the temperature-sensitive degron cassette in frame at
the 59 end+ cwc2-td was grown in medium containing 0+1 mM
CuSO4 at 25 8C+ CuSO4 was omitted from the medium when
cells were shifted to 37 8C to induce degradation of the degron-
fusion protein+

Molecular biology techniques

S. cerevisiae and S. pombe genomic DNAwere isolated as de-
scribed (Berry et al+, 1999;Burns et al+, 1999)+Sequencing re-
actions were performed using Thermosequenase radiolabeled
terminator cycle sequencing kit according to the manufactur-
er’s instructions (Amersham Pharmacia Biotech)+ PCR am-
plifications were performed using Pfu turbo (Stratagene, La
Jolla,California) according to the manufacturer’s instructions+

Cloning and sequencing of cwf7 +

Oligonucleotide primers were used to amplify the cwf71 cDNA
from a pDB20-based cDNA library (Fikes et al+, 1990)+ Primer
cwf7 59Nde (TAGCATATGATGAGTTATAATATATCTTTGG)
was complementary to the 59 end of the cDNA, and primer
cwf7 39Bam (TAGGGATCCTTATGACAAGAGAGTAGC) was
complementary to the 39 end of the cDNA+ The 59 and 39
primers were engineered to add a Nde1 site to the 59 end of
the coding region and a BamH1 to the 39 end of the coding
region, respectively+ The amplified cDNA was subcloned into
pCRBlunt (Stratagene) and sequenced to ensure the ab-
sence of PCR-induced mutations+

Immunoprecipitations, immunoblots, and
sucrose gradients

Denatured and native protein lysates were prepared as de-
tailed previously (Gould et al+, 1991)+ Immunoprecipitations
with anti-HA (12CA5) or anti-myc (9E10) monoclonal anti-
bodies were performed as described (McDonald et al+, 1999)+
Proteins were resolved by SDS-PAGE on 6–20% gradient
gels or on Novex NuPAGE 4–12% Bis-Tris gels using
NuPAGE MOPS SDS running buffer (Invitrogen, Carlsbad,
California)+ For immunoblotting, proteins were transferred
by electroblotting to PVDF membrane (Immobilon P; Milli-
pore Corp+, Bedford, Massachusetts)+ Anti-Cdc5p serum JAM
(McDonald et al+, 1999) was used at 1:10,000 dilution+ Af-
finity purified anti-Cef1p serum VU136#9 was used at an
appropriate dilution+ Anti-FAS antibodies, anti-HA (12CA5)

TABLE 1 + Strains used in this study+

Strain number Relevant genotype Source

KGY823 YPH98, MATa ura3-52 lys2-801 ade2-101 leu2- D1 trp1- D1 Lab stock
KGY1296 PJ69-4A, MATa; trp1-190 lue2-3,112 ura3-52 his3-200 gal4 delete

LYS2 replaced by GAL1-HIS3 GAL2-ADE2, met2 replaced by
GAL-LacZ

James et al+ (1996)

KGY1604 MATa PRP19::PRP19-myc13::KANrura3-52 lys2-801 ade2-101
leu2- D1 trp1-D1

This study

KGY1606 MATa CWC2::CWC2-myc13::KANrura3-52 lys2-801 ade2-101
leu2- D1 trp1- D1

This study

KGY1614 MATa cef1-13 ade2-101 ade3D ura3-52 lys2-801 trp1-D63 his3-D200
leu2-D1

Ohi et al+ (1998)

KGY1654 cwc2-td; MATa CWC2::KAN r ura3DO::CUPi-Ub-Arg-DHFRts-ha-
CWC2::URA3 his3D1 leu2DO met15DO lys2 DO

This study

KGY1655 MATa prp19-1::prp19-1 myc13:: KAN r ura3-52 lys2-801 ade2-101
leu2-D1 trp1-D1

This study

KGY1659 MATa prp19-1 SYF1::SYF1-myc13::KAN r This study
KGY1660 MATa prp19-1 CLF1::CLF1-myc13::KAN r This study
KGY1693 MATa CEF1::CEF1-myc13::KAN r PRP19::PRP19-HA::KANr This study
KGY1812 MATa prp19-1 ura3-52 lys2-801 ade2-101 leu2-D1 trp1-D1 J+ Abelson
KGY1939 MATa cef1-13 prp19-1/ pRS416CEF1 This study
KGY1997 MATa prp19-1 SNT309::SNT309-myc13::KAN r This study
KGY2002 MATa SNT309::KANr his3D1 leu2 DO met15 DO ura3 DO Research Genetics
KGY2003 MATa cef1-13 SNT309::HIS31/ pRS416CEF1 This study
KGY2009 MATaprp19-1 SNT309::KANr1/ pRS416PRP19 This study
KGY2078 MATa prp19-1 PRP46::PRP46-myc13::KAN r This study
KGY2406 MATa prp19-1 CWC2::CWC2-myc13::KAN r This study
KGY2410 MATa SNT309::SNT309-myc13::KANr ura3-52 lys2-801 ade2-101

leu2-D1 trp1-D1
This study

KGY2446 MATa SNT309::HIS3 ura3-52 lys2-801 ade2-101 leu2-D1 his3-D200 This study
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antibodies, and anti-myc (9E10) antibodies were used as
described (McDonald et al+, 1999)+ PSTAIRE antibodies
(Sigma-Aldrich) were used at a dilution of 1:5,000+ Antibod-
ies were detected using horseradish peroxidase conjugated
goat anti-rabbit or goat anti-mouse secondary antibodies
(0+8 mg/mL; Jackson Immunoresearch Laboratories, West
Grove, Pennsylvania) at a dilution of 1:50,000+ Immuno-
blots were visualized using ECL reagents (Amersham Phar-
macia Biotech)+ Sucrose gradients were done exactly as
described previously (McDonald et al+, 1999)+

Yeast two-hybrid assays

The yeast two-hybrid system used in this study was de-
scribed previously (James et al+, 1996)+ Various portions of
the CEF1, PRP19, SNT309, YDL209C (now termed CWC2),
YPL151C (now termed PRP46),SYF1,CLF1,NTC30,NTC20,
cwf81, and cwf71 cDNAs were cloned into the bait plasmid
pGBT9 and/or the prey plasmid pGAD424 (Clonetech, Palo
Alto, California) and sequenced to ensure the absence of
PCR-induced mutations and that the correct reading frame
had been retained+

Two-hybrid screens were performed as described (James
et al+, 1996)+ To test for protein interactions, both bait and
prey plasmids were cotransformed into S. cerevisiae strain
PJ69-4A+ b-galactosidase reporter enzyme activity in the
two-hybrid strains was measured using the Galacto-StarTM

chemiluminescent reporter assay system according to the
manufacturer’s instructions (Tropix Inc+, Bedford, Massachu-
setts), with the exception that cells were lysed by glass
bead disruption+ Each sample was measured in triplicate+
Reporter assays were recorded either on the BMG lumi-
nometer (Bartlett-Williams Scientific, Chapel Hill, North Car-
olina) or the Mediators PhL luminometer (Aureon Biosystems,
Vienna, Austria)+

Expression of recombinant fusion proteins
and in vitro binding assays

pGEX2TCEF1 427–590 (pKG1788) was constructed by
subcloning an EcoRI-PstI fragment from pGBT9CEF1
427–590 (pKG1752) into pGEX2T (Amersham Pharmacia
Biotech)+ pRSET(A)PRP19 1–149 (pKG211) and pMAL-
c2PRP19 1–149 (pKGY95) were constructed using pCR-
Blunt PRP19 (pKG1190) as a template for PCR amplification+
The 59Prp19+1(BamH1) primer introduced a BamH1 site and
39Prp19+149 primer introduced a Pst1 site+ This PRP19
fragment was ligated into pRSET-A (Invitrogen) or pMAL-c2
(New England BioLabs, Beverly, Massachusetts) cut with
BamH1 and Pst1+ pMAL-c2PRP46 106–450 (pKG557),
pMAL-c2CWC2 228–340 (pKG311) was constructed using
genomic DNA as a template for PCR amplification+ The
59Prp46+106(EcoR1) primer introduced a EcoR1 site and
39Prp46+end primer introduced a Sal1 site+ The 59Cwc2+
228(Xmn1) primer introduced a Xmn1 site and 39Cwc2+340
primer introduced a Pst1 site+ The PRP46 and CWC2 frag-
ments were ligated into pMAL-c2 (New England BioLabs) cut
with EcoR1/Sal1 or Xmn1/Pst1, respectively+ pMAL-c2SYF
189–859 (pKGY1065) was constructed by subcloning an
EcoR1-Pst1 fragment from pGBT9SYF1 189–859 (pKG859)
into pMAL-c2+ Recombinant fusion proteins were produced in

bacterial cells after induction with 0+4 mM isopropyl-b-D-
thiogalactopyranoside (IPTG)+ GST and GST-Cef1p 427–
590 were purified according to standard methods (Frangioni
& Neel, 1993)+ His6-Prp19p 1-149 was purified from bacterial
lysates under native conditions using Ni21-NTA resin as spec-
ified by the manufacturer (Qiagen, Valencia, California)+MBP,
MBP-Prp19p 1-149,MBP-Prp46p 106–450,MBP-Cwc2p 228–
340, and MBP-Syf1p 189–859 were purified using Amylose
resin according to the manufacturer’s instructions (New En-
gland BioLabs)+

pSK(1)PRP19 (pKG1781) and pRS414CEF1-3XHA
(pKG1875) were translated in vitro in the presence of 35S-
Trans label (ICN Pharmaceuticals, Irvine, California) with the
use of the TNT coupled reticulocyte lysate system (Promega,
Madison, Wisconsin)+ Purified GST or GST-Cef1p 427–590
bound to glutathione-agarose beads were mixed with 35S-
labeled Prp19p in binding buffer (20 mM Tris-HCl, pH 7+0,
150 mM NaCl, 2 mM EDTA, 0+1% NP-40) and incubated for
1 h at 4 8C+ Ni21-NTA resin or His6-Prp19p 1-149 bound to
Ni21-NTA resin were mixed with 35S-labeled Cef1p-HA in
binding buffer (20 mM NaPi, pH 7+0, 150 mM NaCl, 0+1%
NP-40) and incubated for 1 h at 4 8C+ MBP or MBP-Cwc2p
228–340 bound to amylose resin beads were mixed with
35S-labeled Prp19p in binding buffer (20 mM Tris-HCl, pH 7+0,
150 mM NaCl, 2 mM EDTA, 0+1% NP-40) and incubated for
1 h at 4 8C+ The beads were washed five times in binding
buffer and the proteins were resolved by SDS-PAGE, treated
with Amplify (Amersham Pharmacia Biotech), and exposed
to film+

RNA and RT-PCR

Total RNAwas prepared from cells by extraction with hot acidic
phenol as described (Collart & Oliviero, 1993)+First-strand syn-
thesis was performed with the Superscript First-strand Syn-
thesis System (Invitrogen) according to the manufacturer’s
directions+One hundred nanograms of RNAwere used for each
reaction+An oligonucleotide specific to the third exon of DYN2
or the 39 end of CDC34 was used as the reverse primer for first-
strand synthesis+ After heat deactivation of the reverse tran-
scriptase (RT) and subsequent RNase H treatment, one-tenth
(2 mL) of each reaction was subjected to PCR using Taq poly-
merase (Qiagen) in a 50-mL reaction+ 59 primers were either
DYN2F (Research Genetics) or 59Cdc34+ 39 primers were ei-
ther DYN2R (Research Genetics) or 39Cdc34+ Products were
resolved on 0+8% agarose gel+
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