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U-box-containing Prp19p is an integral component of the Prp19p-associated complex (the nineteen complex,
or NTC) that is essential for activation of the spliceosome. Prp19p makes numerous protein-protein contacts
with other NTC components and is required for NTC stability. Here we show that Prp19p forms a tetramer in
vitro and in vivo and we map the domain required for its oligomerization to a central tetrameric coiled-coil.
Biochemical and in vivo analyses are consistent with Prp19p tetramerization providing an interaction surface
for a single copy of its binding partner, Ceflp. Electron microscopy showed that the isolated Prp19p tetramer
is an elongated particle consisting of four globular WD40 domains held together by a central stalk consisting
of four N-terminal U-boxes and four coiled-coils. These structural and functional data provide a basis for
understanding the role of Prp19p as a key architectural component of the NTC.

The spliceosome is a megadalton-sized complex composed
of four ribonucleoprotein particles (snRNPs; U1, U2, U5, and
U4/U6) and additional pre-mRNA splicing factors. This dy-
namic macromolecular machine catalyzes the excision of in-
trons from pre-mRNA to generate protein-coding transcripts,
a process requiring a complex series of steps that involve as-
sembly and disassembly of large multiprotein complexes (re-
viewed in references 19, 25, and 32). Spliceosome assembly
begins when the Ul and U2 snRNPs recognize the 5’ and 3’
splice sites, respectively (Fig. 1A, complex A). After binding of
the U5.U4/U6 tri-snRNP (Fig. 1A, complex B), the spliceoso-
mal complex rearranges, releasing both the Ul and U4
snRNPs concomitant with the arrival of the Prp19p-associated
complex (the nineteen complex, or NTC) (33, 34). Both the
release of the two snRNPs and the arrival of the NTC mark the
transition from the inactive to the active spliceosome, which is
composed of the U5 and U2/U6 snRNPs (Fig. 1A, complex C).
5" splice site cleavage and lariat formation, followed by 3’
splice site cleavage and exon ligation, occur within the acti-
vated spliceosome.

Regulation of these coordinated structural rearrangements
among both RNA and protein components of the spliceosome
is not fully understood; however, the transition from an inac-
tive to active complex is directly linked to the addition of the
NTC. Recent work has shown that the NTC is required for
stabilizing both U5 and U6 snRNA interactions with pre-
mRNA and for destabilizing the interactions of the Sm-like
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(Lsm) proteins with the U6 snRNA during the formation of
complex C (3). NTC components may also facilitate the rear-
rangement of the U5 snRNP from a 30S complex into a 45S
complex during the transition from complex B to complex C
(22, 23). Although these biochemical data provide insight into
NTC function, it is unknown how the NTC mediates and/or
stabilizes structural changes during this dynamic stage in spli-
ceosome assembly.

In Saccharomyces cerevisiae, the NTC can be isolated as a
distinct unit that is composed of at least 11 proteins, many of
which have been identified (6, 27, 33). NTC proteins include
Prp19p, Syflp (Ntc90), Ceflp (Ntc85), Clflp (Ntc77), Prp46p
(Ntc50), Cwc2p (Ntc40), Syf2p (Ntc31), Isylp (Ntc30),
Snt309p (Ntc25), and Ntc20p. NTC components, highly con-
served across species, are also present in Schizosaccharomyces
pombe and human spliceosomal complexes (reviewed in refer-
ence 17).

Accumulating evidence suggests that Prp19p is required for
the structural integrity of the NTC and its subsequent associ-
ation with the spliceosome (3, 27, 33). Prp19p interacts directly
with a number of NTC components, including Ceflp, Snt309p,
and Cwc2p, and is critical for their assembly into a multipro-
tein complex (5, 6, 27, 35). Prp19p contains three recognized
protein motifs: an N-terminal U-box, a predicted coiled-coil
(21), and a WD40 repeat domain at its C terminus (Fig. 1B).
The WD40 repeat domain interacts with Cwc2p, whereas the
N-terminal part of the protein interacts with Ceflp and
Snt309p (27). The U-box, despite lacking zinc-chelating resi-
dues, is structurally similar to RING finger domains (28). Like
many proteins that contain RING domains, both human and
budding yeast Prp19ps exhibit E3 ubiquitin ligase activity in
vitro (15, 28). Mutations in the U-box that do not disrupt the
structural integrity of Prp19p are still unable to rescue function
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FIG. 1. (A) Schematic model of pre-mRNA splicing. (B) Organi-
zation of characterized domains within Prp19p. The dark shaded por-
tion represents the U-box domain, while the light shaded portion
represents the WD40 repeats. The predicted coiled-coil domain is
labeled C-C.

Complex C

in vivo, suggesting that this enzymatic activity of Prp19p is
essential for some aspect of NTC structure or function (28).
Although the above-mentioned studies have suggested mod-
els of NTC organization, a fundamental understanding of the
composition and assembly of the complex is lacking. We ad-
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dress details of NTC organization here by examining the sto-
ichiometries of Prp19p and Ceflp within the complex. We
demonstrate that while Ceflp is monomeric, Prp19p is tet-
rameric, and we map the domain required for oligomerization
and test the functional consequences of disrupting Prp19p tet-
ramerization in vivo. Our data suggest how Prp19p might pro-
vide flexibility for structural rearrangements within the spliceo-
some while still serving as a binding scaffold for numerous
proteins.

MATERIALS AND METHODS

Strains and media. S. cerevisiae strains used in this study (Table 1) were grown
either in synthetic minimal medium with the appropriate nutritional supplements
or yeast extract-peptone-dextrose (14). Transformations were performed by the
lithium acetate method (11). The ability of prp79 mutations to rescue growth of
the prp19-1 strain was scored by serial dilutions grown under the permissive
condition of 25 to 36°C for 3 days. S. pombe strains (Table 1) were grown in yeast
extract medium or minimal medium with appropriate supplements (24). Crosses
were performed on glutamate medium (minimal medium lacking ammonium
chloride and containing 0.01 M glutamate; pH 5.6).

Molecular biology techniques. PCR amplifications were performed using Pfu
Turbo (Stratagene, La Jolla, Calif.) according to the manufacturer’s instructions.
Mutations in PRP19 were made by the two-step PCR overlap extension method.
Truncations of PRP19 were generated by PCR. To facilitate cloning into pRS415
GALL, a 5’ BamHI site and a 3" PstI site were included within the oligonucle-
otides used for PCR. For cloning PCR products into pET15b (Novagen) for
expression in Escherichia coli, a 5' Ndel site and a 3" BamHI site were included
within the oligonucleotides. DNA sequencing confirmed the presence of only the
desired mutations.

Immunoprecipitations and immunoblotting. Native protein lysates were pre-
pared from approximately 2.4 x10® cells as detailed previously (13). To the
resultant 1.0 ml of lysate, 2 pg of antihemagglutinin (anti-HA; 12CAS5) or
anti-myc (9E10) antibody was added to precipitate tagged proteins. Immuno-
precipitates were resolved on Novex NuPAGE 4-to-12% bis-Tris gels using
NuPAGE MOPS SDS running buffer (Invitrogen, Carlsbad, Calif.) and trans-
ferred by electroblotting to polyvinylidene difluoride membrane (Immobilon P;
Millipore Corp., Bedford, Mass.). Anti-HA (12CAS) antibodies and anti-myc
(9E10) antibodies were used at 2 pg/ml, and antibodies were detected using
horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse second-
ary antibodies (0.8 mg/ml; Jackson Immunoresearch Laboratories, West Grove,
Pa.) at a dilution of 1:50,000. Immunoblots were visualized using enhanced

TABLE 1. Strains used in this study

Strain Relevant genotype Source
S. pombe strains

KGY246 ade6-M210 ura4-D18 leul-32 h~ Lab stock

KGY1318 cwf8::ewf8-HA::Kan" ade6-M216 leul-32 ura4-D18 h* Lab stock

KGY1607 cdc5::cdeS-mycl3::Kan" ade6-M210 leul-32 ura4-DI18 h™ Lab stock

KGY1608 cewf8:ewf8-mycl3::Kan" ade6-M210 leul-32 ura4-D18 h™ Lab stock

KGY2105 cdc5::cdc5-HA::Kan" ade6-M216 leul-32 ura4-DI8 h™* Lab stock

KGY2108 cdc5::cde5-mycl3::Kan'/edeS::cdc5-HA::Kan" ade6-M210/ade6-M216 leul- This study
32/leul-32 ura4-D18/ura4-D18 h™[h™*

KGY4476 cewf8:ewf8-mycl3::Kan'/cwf8::cwfS8-HA::Kan" ade6-M210/ade6-M216 leul- This study
32/leul-32 ura4-D18/ura4-D18 h™[h™*

KGY4985 cdc5::cdeS-mycl3::Kan® ewf8::ewf8-mycl3::Kan* cwf7::cwf7-HA3::Kan*® This study
ade6-M216 leul-32 ura4-DI18 h*

KGY4986 cdc5::cde5-TAP::Kan'/cdc5::cdc5-TAP::Kan* This study
cwf8::ewf8-mycl3::Kan"/cwf8::cwf8-HA3::Kan" ade6-M210/ade6-M216
leul-32/leul-32 ura4-D18/ura4-DI18 h~/h*

S. cerevisiae strains

KGY1811 MATa prp19-1 ura3-52 lys2-801 ade2-101 leu2-Al trpl-Al J. Abelson

KGY1294 MATo CEF1::CEFI1-HA3::Kan" Lab stock

KGY1296 PJ69-4A, MATa; trpl-190 leu2-3,112 ura3-52 his3-200 gal4 ALYS2 16
replaced by GALI-HIS3 GAL2-ADE?2, met2 replaced by GAL-LacZ

KGY1356 MATa PRP19::PRP19-HA3::Kan" Lab stock
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chemiluminescence reagents (Amersham Pharmacia Biotech). For immunoblots
that were quantitated, detection was performed with an Odyssey instrument
(Licor Corp., Lincoln, Nebr.) using the protocol and reagents supplied by the
manufacturer. Quantitation was performed with Odyssey version 1.2.

Yeast two-hybrid assays. The yeast two-hybrid system used in this study was
described previously (16). Various portions of the PRP19 ¢cDNAs were cloned
into the bait plasmid pGBT9 and/or the prey plasmid pGAD424 (Clontech, Palo
Alto, Calif.) 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 previously (16). 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-Star chemiluminescent reporter
assay system according to the manufacturer’s instructions (Tropix Inc., Bedford,
Mass.), 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 luminometer (Bartlett-Williams Scientific, Chapel Hill, N.C.) or the Me-
diator Phl luminometer (Aureon Biosystems, Vienna, Austria).

Expression of recombinant fusion proteins. Three constructs spanning the
different domains of Prp19p were produced: PRP19 1-58, PRP19 66-141, and
PRP19 165-503, along with the full-length protein and the W88A and WS88P
mutants in the context of the full-length protein. Proteins were expressed in
Rosetta(DE3) cells (Novagen). Cells were grown to an optical density at 600 nm
of 0.7 and induced with 1 mM isopropyl-B-p-thiogalactopyranoside. Cells were
lysed in 20 mM Tris HCI (pH 8.0), 100 mM NaCl, 1 mM EDTA, and 5 mM BME,
and proteins were purified using Ni*>-nitrilotriacetic acid columns (QIAGEN)
following the manufacturer’s instructions. Proteins were eluted from the column
by using an imidazole gradient from 20 to 900 mM. In the case of Prp19p 66-141,
the His, tag was cleaved by incubation with thrombin (25 U/~10 mg of protein)
for 14 h at 4°C. Proteins were further purified using a Mono-Q 10/10 column (20
mM Tris [pH 8.0], elution 10 to 600 mM NaCl, and 1 mM dithiothreitol [DTT])
(Amersham Pharmacia Biotech).

Gel filtration. Gel filtration was performed using a 10/30 S200 column (Am-
ersham Pharmacia Biotech). Running buffer was 20 mM Tris (pH 8.0), 100 mM
NaCl, and 1 mM DTT. The protein running concentration was ~5 mg/ml.

CD and secondary structure estimation. Circular dichroism (CD) measure-
ments were recorded using a Jasco J-810 (Jasco Inc.) spectropolarimeter. Protein
was dialyzed into 5 mM sodium phosphate (pH 8.0), 10 mM NaCl, and 1 mM
DTT. Spectra were obtained using the average of three scans over the range of
190 to 260 nm with a step size of 0.2 nm and a bandwidth of 1 nm. Secondary
structure estimates were obtained using the program K2d (1).

Analytical ultracentrifugation. Sedimentation velocity experiments were con-
ducted with an Optima XLA apparatus (Beckman-Coulter, Fullerton, Calif.),
with a four-hole An60Ti rotor and double sector cells with charcoal-filled Epon
centerpieces (path length, 1.2 cm) and quartz windows. The value of the radial
distance of the bottom of the cell was between 7.13 and 7.15 cm. For sedimen-
tation velocity experiments, samples (397 pl) and reference solutions (400 pl)
were loaded into cells. The experiments were conducted at 25°C at a rotor speed
of 129,024 X g. Concentration profiles were measured at 280 nm. Partial specific
volumes and molecular masses for Prp19p and Prp19p fragments were calculated
based on their amino acid compositions using the program Sednterp (20). The
velocity scans were analyzed with the program Sedfit (version 8.7) (31). For each
analysis, 300 scans collected approximately 2 min apart were analyzed. All size
distributions were solved on a radial grid of 1,000 radius values between the
meniscus and bottom, a confidence level of P = 0.95, a resolution of n = 300, and
sedimentation coefficients between 0.1 and 20 s.

Electron microscopy and image processing. Uranyl formate-stained samples
were prepared for electron microscopy as described previously (26). Images were
taken with a Philips Tecnai T12 electron microscope at an acceleration voltage
of 120 kV with a magnification of X52,000 and a defocus of —1.5 pm using
low-dose procedures. After inspection with a JEOL JFO-3000 laser diffractom-
eter, drift-free images were digitized with a Zeiss SCAI scanner using a step size
of 7 wm. Three- by three-pixel images were averaged to yield a pixel size of 0.4
nm at the specimen level. A total of 9,725 Hise-Prp19p particles were selected
from 28 micrographs, and 4,507 Hiss-Prp19p 165-503 particles were selected
from 9 micrographs using WEB, the display program associated with the SPI-
DER program suite (9), which was used for the subsequent image-processing
steps. The Hiss-Prp19p particles were windowed into 128- by 128-pixel images
and subjected to 10 rounds of multireference alignment and K-means classifica-
tion specifying 200 output classes. Due to the extensive flexibility of the Prp19p
tetramers, many class averages only showed three WD40 repeats, whereas the
fourth WD40 repeat was averaged out. Therefore, only a subset of class averages
is shown below in Fig. 5, in which all four WD40 repeats are clearly resolved. The
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Hisg-Prp19p 165-503 particles were windowed into 40- by 40-pixel images and
were subjected to 10 rounds of multireference alignment and K-means classifi-
cation specifying 20 output classes.

RESULTS

Prp19p, but not Ceflp, self-associates in vivo. The stoichi-
ometry of Prp19p (or any other NTC component) within the
NTC in vivo has not been analyzed. To determine if there are
multiple Prp19p molecules within a single NTC unit, coimmu-
noprecipitation analyses were performed on a diploid strain in
which one of the PRP19 loci was modified to encode a protein
with 13 copies of the myc epitope (mycl3) at its C terminus,
while the other PRP19 locus was tagged with sequences encod-
ing three copies of the HA epitope (HA3). These modifica-
tions did not affect Prp19p function, as all epitope-tagged
strains exhibited wild-type growth rates and morphologies
(data not shown). Anti-HA antibody pulled down both Prp19p-
HA3 and Prp19p-mycl3 (Fig. 2A), while Prp19p-myc13 was
not immunoprecipitated from the single-tagged strain with an-
ti-HA antibody, indicating specificity of the anti-HA antibody
(Fig. 2A). In the reciprocal experiment, anti-myc immunopre-
cipitates from the diploid but not the single HA-tagged strain
contained Prp19-HA3 in addition to Prp19p-myc13 (Fig. 2A).
These results establish that Prp19p can associate with itself in
vivo, suggesting that Prp19p exists in cells as an oligomer.

To determine if the NTC of S. pombe contains multiple
copies of the Prp19p ortholog, Cwf8p, we constructed an S.
pombe diploid strain where each locus of cwf8" was engineered
to have either a myc13 or an HA3 tag, and immunoprecipita-
tions were performed as described above. Through this anal-
ysis we found that S. pombe Cwf8p-HA3 was able to coprecipi-
tate Cwi8p-mycl3 in the diploid strain but not in the single-
tagged haploid strains, and vice versa (Fig. 2B). These results
establish that the oligomeric state of Prp19p is conserved.

Because Ceflp binds directly to Prp19p, we asked whether
it, too, was present in more than a single copy in protein
complexes in vivo. We constructed a diploid strain containing
both Ceflp-HA3 and Ceflp-mycl3 and did immunoprecipita-
tions using either anti-HA or anti-myc antibodies that were
then blotted with either anti-HA or anti-myc antibodies. In
these experiments, Ceflp-HA3 was not able to coimmunopre-
cipitate Ceflp-mycl13 and Ceflp-mycl3 could not precipitate
Ceflp-HA3 from the diploid strain (Fig. 2C). Therefore Ceflp,
unlike Prp19p, does not appear to be present in multiple copies
within the NTC in vivo. This situation is conserved in S. pombe,
since different epitope-tagged versions of the S. pombe ho-
molog of S. cerevisiae Ceflp, Cdc5p, also failed to interact with
one another in the appropriate diploid strain (Fig. 2D).

The analyses performed above left open the possibility that
oligomers of Prp19p/Cwf8p exist only outside of the Ceflp/
Cdc5p-containing spliceosomal complex. To examine this pos-
sibility, an S. pombe diploid strain was constructed with the
relevant genotype cdc5-TAP/cdc5-TAP cwf8-HA3/cwfS-mycl3.
After tandem affinity purification was performed on this strain,
the eluate was found to contain both tagged proteins as ex-
pected (Fig. 2E, left panels). To determine whether each
Cdc5p molecule bound to one molecule of Cwf8p or whether
a single molecule of Cdc5p could bind multiple molecules of
Cwf8p, the eluate was diluted and subjected to immunopre-
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FIG. 2. Prp19p, but not Ceflp, self-associates in vivo. (A) S. cerevisiae Prp19p-HA3 coimmunoprecipitates Prp19p-myc13 in vivo. Anti-HA
(upper panel) and anti-myc (lower panel) immunoblots of immunoprecipitates (IP) from prp19-HA3, prp19-mycl3, and prp19-HA3 prp19-mycl3
strains are shown. Immunoprecipitations were performed with anti-HA antibodies or anti-myc antibodies. (B) S. pombe Cwf8p-HA3 and
Cwif8p-myc13 associate in vivo. Anti-HA (upper panel) and anti-myc (lower panel) immunoblots of IP from cwf8-HA3, cwf8-myc13, and cwf8-HA3
cwf8-mycl3 strains are shown. Immunoprecipitations were performed with anti-HA antibodies or anti-myc antibodies. An asterisk indicates the
position of the immunoglobulin G heavy band. (C) S. cerevisiae Ceflp-HA3 does not associate with Ceflp-myc13 in vivo. Anti-HA (upper panel)
and anti-myc (lower panel) immunoblots of IP from cefI-HA3, cefl-mycl3, and cefl1-HA3 cefI-myc13 strains are shown. Immunoprecipitations were
performed with anti-HA antibodies or anti-myc antibodies. (D) S. pombe CdcSp-HA3 does not coimmunoprecipitate Cdc5p-myc13 in vivo. An
anti-myc (upper panel), an anti-Cdc5 (middle panel), and an anti-HA (lower panel) immunoblot of IP from cdc5-HA3, cdc5-mycl13, and cdc5-HA3
cdc5-mycl3 strains are shown. Immunoprecipitations were performed with preimmune sera (PI), anti-HA antibodies, anti-myc antibodies, or
anti-Cdc5p immune sera (cdcS). (E) The Cdc5p-TAP complex contains more than one copy of Cwf8p. Anti-myc and anti-HA immunoblots of a
protein lysate prepared from S. pombe wild-type strain (wt) (KGY246) or of an eluate from a tandem affinity purification from the diploid
cdc5-TAP/cdc5-TAP cwfS-HA3/cwf8-mycl3 strain (KGY4986) (left panels) are shown. Immunoprecipitations (IP) were performed on the TAP
eluate from the diploid strain KGY4986 with anti-HA antibodies and anti-myc antibodies and then immunoblotted with anti-myc antibodies (right
panel).

cipitation with anti-myc or anti-HA antibodies, and the immu-
noprecipitates were blotted for the presence of Cwf8p-myc13.
As would be predicted if each Cdc5p-TAP complex contained
multiple copies of Cwf8p, both anti-myc and anti-HA immu-
noprecipitates contained Cwf8p-myc13 (Fig. 2E, right panel).
We could not examine the reciprocal immunoprecipitate by
immunoblotting because Cwf8p-HA3 comigrates with the im-
munoglobulin G heavy chain. However, because Cdc5p is
present in single copy in the NTC (Fig. 2D), this result could
only be explained if at least two molecules of Cwf8p interacted
within the same Cdc5p-containing complex.

Prp19p binds to itself. To further delineate protein-protein
interactions involving Prp19p, we performed a stringent two-

hybrid screen using an N-terminal fragment of Prp19p contain-
ing both its U-box and predicted coiled-coil region (Prp19p
1-131) as bait. The ability of Prp19p 1-131 to fold correctly was
confirmed by CD (data not shown). In this screen PRPI9
76-134, which encompasses a large portion of the predicted
coiled-coil domain, was the only clone isolated multiple times
(Fig. 3A), suggesting that this region of Prp19p is capable of
interacting directly with itself and Prpl9p self-association
might be mediated by this domain. To test this we used the
entire predicted coiled-coil region of Prp19p 57-144 as both
bait and prey and asked if they could interact in the two-hybrid
system. As we predicted, Prp19p 57-144 interacts with itself
(Fig. 3B). These results are consistent with previous gel filtra-
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FIG. 3. Mapping Prpl9p interactions with itself and Ceflp.
(A) PJ69-A was transformed with pGBT9PRP19 1-131 and screened
with the two-hybrid library YHL-1. The bar graph shows 3-galactosi-
dase activity (represented by relative light units) of the strains contain-
ing the bait and prey constructs indicated. (B) The PJ69-4A strain was
transformed with pGBT9PRP19 57-144 and pGADA424 carrying
PRP19 57-144. The bar graph shows B-galactosidase activity (repre-
sented by relative light units) of the strains containing the bait and prey
constructs indicated. (C) The PJ69-4A strain was transformed with
pGBTICEF1 427-590 and pGAD424PRP19 74-134, which are shown
schematically above the bar graph. The bar graph shows p-galactosi-
dase activity (represented by relative light units) of the strains contain-
ing the bait and prey constructs indicated.

tion chromatography experiments that showed recombinant
Prp19p exists in an oligomeric state (data not shown) (33).

Prp19p binds directly to the essential pre-mRNA splicing
factor Ceflp. We previously showed that Ceflp interacts with
the N terminus of Prpl9p (27). In the same screen using
Prp19p 1-131, we obtained a clone of Ceflp. To determine
whether the region of Prp19p that was isolated in the above
screen was sufficient for interacting with Ceflp, we tested
whether Prp19p 76-134 could interact with Ceflp (Fig. 3C).
Indeed, the predicted coiled-coil in Prp19p was sufficient to
support Ceflp interaction (Fig. 3C).

Prp19p forms a stable tetramer. To define what type of
oligomer Prpl19p formed, recombinant His,-Prpl19p (mass,
58.6 kDa) was purified and analyzed using sedimentation ve-
locity analytical ultracentrifugation. Analysis of the velocity
data with the program Sedfit (31) showed that 78% of His,-
Prp19p exhibited a sedimentation value (s) of 5.8 (Fig. 4A; root
mean square deviation of the fit, 0.0073). This value is consis-
tent with a complex of 230 kDa (Fig. 4B), the same molecular
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FIG. 4. Continuous size distribution analysis of sedimentation ve-
locity data of Hisg-Prp19p and Prp19p 66-141. (A) The calculated s
[c(s)] is plotted versus the sedimentation coefficient (s) for Hisg-
Prp19p. The sedimentation velocity profiles were fitted to a continuous
sedimentation distribution. (B) Calculated mass [¢(M)] is plotted ver-
sus molar mass (in kilodaltons) for Hiss-Prp19p. (C) c(s) plotted versus
sedimentation coefficients (s) for Prp19p 66-141. The sedimentation
velocity profiles were fit to a continuous sedimentation distribution.
(D) c(M) plotted versus molar mass (in kilodaltons) for Prp19p 66—
141. (E) CD spectrum of Prp19p 66-141.
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mass as a Prp19p tetramer. The rest of the protein sedimented
either as a monomer (s = 2.3; 2.5%) or as a nonspecific ag-
gregate (~20%). His,-Prp19p has a frictional ratio value of 1.7,
indicating that the tetramer is elongated in shape.

The coiled-coil region of Prp19p is sufficient for tetramer-
ization. To determine which domain is required for Prp19p
tetramerization, we used sedimentation velocity analytical ul-
tracentrifugation to analyze the ability of the Prp19p U-box,
the coiled-coil region, and the WD40 repeats to oligomerize.
As expected from the two-hybrid results, neither the U-box
(Hisg-Prp19p 1-58) nor the C terminus containing the WD40
repeats (Hisg-Prpl19p 165-503) was able to tetramerize (data
not shown). However, Prp19p 66-141 (mass, 8.5 kDa), span-
ning the coiled-coil region, did form a tetramer. This Prp19p
fragment sedimented with an s value of 2.8 (Fig. 4C; root mean
square deviation of the fit, 0.0126), consistent with a tetramer
of 35-kDa molecular mass (Fig. 4D). Significantly, Prp19p 66—
141 has a frictional ratio value of 2.7, indicating that this
domain is very elongated. Indeed, analysis by CD showed this
region of Prp19p to be almost entirely helical in nature (Fig.
4E). The CD spectrum of Prp19p 66-141 fits a model where
the protein is 70% helical and 30% coil (1), consistent with a
domain with a coiled-coil fold (21). Taken together, we con-
clude that Prp19p 66-141 contains a coiled-coil sufficient for
directing tetramerization of Prp19p.

Structural analysis of the Prp19p tetramer by electron mi-
croscopy. In order to understand the architecture of Prp19p
tetramers, full-length protein was purified and examined using
electron microscopy. Micrographs of negatively stained His,-
Prp19p revealed a particle of variable shape, but with each
containing an elongated central stalk that was flanked by two
globular domains on each side (Fig. 5). A total of 9,725 parti-
cles were selected from digitized electron micrographs and
subjected to multireference alignment and classification spec-
ifying 200 output classes. A representative subset of these
two-dimensional projection averages (Fig. 5, panels 1 through
12) emphasizes the variability in the shape of Prp19p. The two
globular domains that flank the central stalk on either side
show central stain accumulations, giving them a donut-like
appearance. These domains appear to be tethered to the cen-
tral stalk by flexible linkers, as they can either be close together
or spread wide apart (Fig. 5, compare panels 8 and 2).

As noted above, Prp19p contains three structural domains,
an N-terminal U-box, a central coiled-coil, and C-terminal
WD40 repeats that likely adopt a typical-bladed B-propeller
structure (10) (Fig. 1B). The donut-shaped domains, with di-
mensions of ~6.5 by 6.5 nm, are consistent in size and shape
with the expected B-propeller structure, while the central stalk,
with its rope-like appearance, is consistent with the expected
projection structure of a coiled-coil domain. The small size of
the U-box (7.8 kDa) would make it difficult to identify by
negative stain electron microscopy.

To confirm our prediction regarding the identity of the do-
nut-shaped domains, we analyzed the C terminus of Prp19p by
negative stain electron microscopy. Micrographs of Hisg-
Prp19p 165-503 revealed well-dispersed donut-shaped parti-
cles (Fig. 6, upper panel). These monomeric particles looked
identical to the domains seen tethered to the central stalk of
the full-length Prp19p tetramers (Fig. 5). We selected 4,572
particles from digitized micrographs and used multireference
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FIG. 5. Electron micrograph and representative projection aver-
ages of negatively stained His,-Prp19p. (Upper panel) Typical micro-
graph area of negatively stained Hise-Prp19p. Bar, 50 nm. (Lower
panel) Twelve representative averages obtained by multireference
alignment and classification of 9,725 Hiss-Prp19p particle images. The
averages reveal the variability of the position of the globular domains
in relation to the central stalk. Side length of the average images is 40
nm. Number of particles in each projection average: panel 1, 50; panel
2,51; panel 3, 35; panel 4, 30; panel 5, 35; panel 6, 39; panel 7, 41; panel
8, 22; panel 9, 64; panel 10, 7; panel 11, 46; panel 12, 22.

alignment and classification to group them into 20 classes. The
resulting projection averages (Fig. 6, lower panel) confirmed
that the four donut-like domains seen in the full-length Prp19p
tetramers correspond to its WD40 repeats.

Prp19p oligomerization is required for function in vivo.
Thus far, we have shown that Prpl19p/Cwi8p is oligomeric
within the NTC in vivo (Fig. 2), and our in vitro results suggest
that it is tetrameric. In contrast, Ceflp is not oligomeric within
the NTC (Fig. 2). To determine the stoichiometry of Prp19p/
Cwf8p within the NTC relative to Ceflp, a cwf7-HA3 cdcS-
mycl3 cwf8-mycl3 strain was generated. Cwf7p is a component
of the NTC that, like Cdc5p, binds directly to Cwf8p. This
allowed us to isolate the NTC through anti-HA immunopre-
cipitation and determine the ratio of Cwf8p to CdcSp within it
by anti-myc immunoblotting (Fig. 7A). By quantitating the
results of three such coimmunoprecipitations, we determined
that Cwf8p-myc13 was, on average, 3.94 times more abundant
than Cdc5p-mycl3 (Fig. 7A). These data provide compelling
evidence that Prp19p is present within the NTC as a tetramer.
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FIG. 6. Electron micrograph and representative projection aver-
ages of negatively stained Hisq-Prp19p 165-503. (Upper panel) Typical
micrograph area of negatively stained Hisg-Prp19p. Bar, 25 nm.
(Lower panel) Twelve representative averages obtained by multirefer-
ence alignment and classification of 4,507 Hisg-Prp19p 165-503 parti-
cle images. Side length of the average images is 16.8 nm. Number of
particles in each projection average: panel 1, 168; panel 2, 554; panel
3, 185; panel 4, 224; panel 5, 244; panel 6, 409; panel 7, 205; panel 8,
187; panel 9, 193; panel 10, 216; panel 11, 179; panel 12, 197.

To determine whether the ability of Prp19p to tetramerize is
required for its function in vivo, mutations predicted to disrupt
tetramerization of the coiled-coil domain were introduced into
the full-length PRPI9 gene. In particular, Trp88, which is
found in the critical A position of the coiled-coil heptad and is
conserved in Prpl9p orthologs, was altered to Ala88 and
Pro88. Prp19p WS88A and Prpl9p WS8SP were produced in
vitro and tested for their ability to tetramerize. The W88A
mutant retained the ability to tetramerize in vitro while the
WS88P mutant did not, as determined by gel filtration analysis
and electron microscopy (Fig. 7B, C, and D). These prpl9
mutants, along with wild-type PRP19, were then assayed for
their ability to complement the prpl9 temperature-sensitive
allele, prp19-1, at the restrictive temperature and the null allele
of prp19 (PRPI19 is an essential gene) by a conventional plas-
mid shuffle approach. The W88A mutation that did not lose its
ability to tetramerize in vitro was able to complement both
prpl9 mutations, indicating that W88 is not strictly required for
Prp19p function (Fig. 7E). In contrast W88P was unable to
rescue either prpl9-1 at the restrictive temperature or prpl9A
(Fig. 7F). These results indicate that the ability of Prp19p to
tetramerize through its central coiled-coil stalk is required for
its in vivo function.

Prp19p TETRAMERIZATION IN PRE-mRNA SPLICING 457

DISCUSSION

The NTC is an essential subcomplex within the spliceosome.
Numerous protein-protein interactions have been mapped be-
tween NTC components using two-hybrid analysis, far Western
analysis, and direct binding assays (2, 4, 5, 6, 8, 27, 30, 35).
However, the molecular details of NTC organization and how
the NTC associates with other splicing complexes are not
known. Here, we have found that Prp19p forms a tetramer and
that the ability of Prp19p to oligomerize is essential for its in
vivo function. The characterization of the Prpl19p tetramer
provides the first structure-based model for NTC organization.

The precise shape and relative orientation of the domains in
Prp19p tetramers vary with the four globular WD40 domains
flexibly tethered to a central coiled-coil tetramer. Class aver-
ages of Prp19p tetramers illustrated the myriad positions and
angles that the WDA40 repeats can adopt in relation to the
stalk-like coiled-coil. It is likely that the flexibility of the WD40
repeats will decrease when other NTC binding partners bind.
However, the variability of the Prp19p tetramer structure may
be important for numerous transitions that occur during the
formation of the active spliceosome. Such flexibility could al-
low Prp19p to accommodate substantial structural rearrange-
ments during dynamic reorientation of spliceosome compo-
nents without compromising strong binding interactions with
other components of the NTC.

Indeed, structural characterization of the Prp19p tetramer
by electron microscopy has provided significant clues as to how
Prp19p might act as a central organizing unit within the NTC.
Taking into account the plethora of described NTC protein-
protein interactions, a model of NTC organization can be
constructed highlighting the many protein-protein interdepen-
dencies within the NTC (2, 7, 8, 27, 30) (Fig. 8). In addition to
creating a binding platform for Snt309p and Ceflp, the distinct
spatial environment sampled by each of the four WD40 do-
mains creates four independent protein-protein interaction
modules surrounding the coiled-coil domains. As yet, only
Cwc2p, an essential RNA recognition motif containing splicing
factor, has been shown to interact directly with the C-terminal
region of Prp19p (Fig. 8) (27). It is likely that other NTC
components also interact with the WD40 repeats, although
these interactions could depend on the presence of the full
complement of complex members. The ability of Prp19p to
interact with numerous NTC components combined with its
essential role in NTC stability suggest that the Prp19p tetramer
acts as an essential scaffold for the organization of the entire
NTC and perhaps other associated factors. It may be for this
reason that human PRP19 was identified as the nuclear matrix
protein h(NMP200 (12). Extension of our structural analysis to
include other NTC components should be revealing in this
regard.

Interestingly, Ceflp binds directly to the Prp19p coiled-coil
(Fig. 3C) (27). Our in vivo investigations suggest that while
four copies of Prpl19p exist within the NTC, only a single
molecule of S. cerevisiae Ceflp or S. pombe Cdc5p is present.
The association of Ceflp with the NTC requires Prp19p oli-
gomerization (33), and Ceflp stability requires Prp19p func-
tion (27). Therefore, an appealing model for NTC organization
is that Prp19p tetramerization occurs before Ceflp, and pos-
sibly other NTC components can bind. The same Prpl9p
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FIG. 7. Mutational analysis of the Prp19p coiled-coil region. (A) Cwt8p/Prp19p is present within the NTC in a 4:1 ratio with Cdc5p/Ceflp. An
anti-myc immunoblot of an anti-HA immunoprecipitate (IP) from either a wild-type S. pombe strain (KGY246) or from ewf7-HA3, cdc5-mycl3,
or cwf8-mycl3 (KGY4985). (B) Gel filtration elution profiles of Hisg-Prp19p (black line), Hise-Prp19p-W88A (grey line), and His,-Prp19p-W88P
(dashed line). (C) Typical micrograph area of negatively stained Hiss-Prp19p-W88A. Bar, 50 nm. (D) Typical micrograph area of negatively stained
Hisg-Prp19p-WS88P. Arrows point to the flexible coiled-coil region of Prp19p that can no longer oligomerize. Bar, 50 nm. (E) Haploid strain
containing a temperature-sensitive copy of PRP19 (prp19-1) (KGY1811) was transformed with pRS415 plasmids containing wild-type PRPI19 and
prp19 coil-coil mutations under the control of the GALI promoter. The ability of prp/9 mutations to rescue growth of the prp19-1 strain was scored
by serial dilutions grown on medium lacking glucose at the permissive temperature (25°C) or at the restrictive temperature (36°C) for 3 days. (F) A
prpl9:HIS3 ura3-52 leu2-Al haploid strain carrying a URA3-selectable vector expressing wild-type PRP19 was transformed by a standard lithium
acetate method with PRP19 cDNA and prp19 mutations under control of the GAL! promoter in a LEU2-based vector. Ura™ Leu™ transformants
were serially diluted on plates containing 5-fluoroorotic acid and uracil to score the ability of prp19 mutations to rescue growth of the prp19A strain.

coiled-coil region that binds Ceflp also interacts with Snt309p,
although there is no evidence that Snt309p and Ceflp directly
interact or compete for an interaction site on Prp19p (6, 27).
However, Snt309p is required to maintain Prp19p-Ceflp inter-
action at elevated temperatures (7), suggesting that Snt309p
may help to stabilize the Prp19p tetramer and subsequently the
Ceflp binding site. The proximity of the Ceflp and Snt309p

binding sites in Prp19p makes it possible that Snt309p and
Ceflp might interact with each other when bound to the
Prp19p coiled-coil domain. Alternatively, they could bind dif-
ferent faces of the central stalk. Future studies on the structure
of this group of proteins would distinguish between these pos-
sibilities.

Interestingly, one common feature of the otherwise-diverse
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FIG. 8. Model for NTC organization. (A) Representative projection average of the Prp19p tetramer. Side length of the average image is 40 nm.
(B) Model of protein-protein interactions mapped between Prp19p, Ceflp, Cwc2p, Prp46p, Syflp, Isylp, Snt309p, and Ntc20. U, U-box domain
in Prp19p; C-C, coiled-coil region in Prp19p. Solid line with arrow, protein-protein interactions detected by in vitro binding assays and far Western
analysis (5, 7, 27, 35); dotted lines, protein-protein interactions found by two-hybrid analysis (27). Proteins and domains are not drawn to scale.

family of RING/U-box-containing proteins is that they are
often integral components of macromolecular assemblies (18,
29). It has been postulated that the spatial organization of the
RING structure within these E3 ligase complexes may be es-
sential for positioning the substrate in the correct orientation
to optimize the transfer of ubiquitin from the E2 (36, 37).
Although highly speculative, proteins that interact with either
the Prp19p WD40 repeats or the coiled-coil region might also
contact the U-box and be modified to promote changes in NTC
organization and/or function during the splicing reaction. If, in
fact, Prp19p exhibits E3 ligase activity within the context of the
spliceosome, the flexible Prp19p tetramer might be well suited
for facilitating the correct orientation of substrates for U-box-
directed modification.
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