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The human U4/U6 snRNP contains 60 and 90kD
proteins that are structurally homologous to
the yeast splicing factors Prp4p and Prp3p
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ABSTRACT

Immunoaffinity-purified human 25S [U4/U6.U5] tri-snRNPs harbor a set of polypeptides, termed the tri-snRNP pro-
teins, that are not present in Mono Q-purified 20S U5 snRNPs or 10S U4/U6 snRNPs and that are important for
tri-snRNP complex formation (Behrens SE, Liihrmann R, 1991, Genes & Dev 5:1439-1452). Biochemical and immu-
nological characterization of HeLa [U4/U6.U5] tri-snRNPs led to the identification of two novel proteins with molecular
weights of 61 and 63kD that are distinct from the previously described 15.5, 20, 27, 60, and 90kD tri-snRNP proteins.
For the Initial characterization of tri-snRNP proteins that interact directly with U4/U6 snRNPs, immunoaffinity chro-
matography with an antibody directed against the 60kD protein was performed. We demonstrate that the 60 and 90kD
tri-snRNP proteins specifically associate with the U4/U6 snRNP at salt concentrations where the tri-shnRNP complex
has dissociated. The primary structures of the 60kD and 90kD proteins were determined by cloning and sequencing
their respective cDNAs. The U4/U6-60kD protein possesses a C-terminal WD domain that contains seven WD repeats
and thus belongs to the WD-protein family, whose best-characterized members include the GS subunits of hetero-
trimeric G proteins. A database homology search revealed a significant degree of overall homology (57.8% similarity,
33.9% identity) between the human 60kD protein and the Saccharomyces cerevisiae U4/U6 snRNP protein Prp4p. Two
additional, previously undetected WD repeats (with seven in total) were also identified in Prp4p, consistent with the
possibility that 60kD/Prp4p, like g-transducin, may adopt a propeller-like structure. The U4/U6-90kD protein was
shown to exhibit significant homology, particularly in its C-terminal half, with the S. cerevisiae splicing factor Prp3p,
which also associates with the yeast U4/U6 snRNP. Interestingly, U4/U6-90kD shares short regions of homology with
E. coliRNase lll, including a region encompassing its double-stranded RNA binding domain. Based on their structural
similarity with essential splicing factors in yeast, the human U4/U6-60kD and 90kD proteins are likely also to play
important roles in the mammalian splicing process.

Keywords: pre-mRNA splicing; snRNP protein; WD repeat

INTRODUCTION The splicing reaction is catalyzed by the spliceosome,
o _ ) which is formed by the ordered interaction of the Ul,

Pre-mRNA splicing occurs via a two-step mechanism U2, U4/U6, and U5 snRNPs, as well as an undefined
involving first 5" splice site cleavage and covalentlink-  number of non-snRNP splicing factors, with the pre-
age of the first nucleotide of the intron to an adenosine  mRNA. The spliceosomal snRNPs contain either one
rgsidue (ie., the branch.poi:_\t) upstream of the 3' SRHCE (U1, U2, U5) or two (U4/U6) snRNAs, complexed with
site, followed by 3’ splice site cleavage and exon liga-  proteins that are either common to all snRNP species
tion (reviewed by Moore et al.,, 1993; Kramer, 1995).  or specific for a given particle (for review, see Will &
Lithrmann, 1997a). The Ul and U2 snRNPs are re-
Reprint requests to: Reinhard Lithrmann, Institut fiir Molekular-  quired for the formation of the earliest spliceosomal
biologie und Tumorforschung, Emil-Mannkopff-Str. 2, D-35037 Mar- complexes E and A respectively in which among
bu:g, Germany; e-mail: luehrmann@imt.uni-marburg.de. others. functional a’irin of the 5', and 3' s ii it
Present address: Qiagen GmbH, Max-Volmer-Strasse 4, 40724 4 P b4 plice sites
Hilden, Germany. occurs. Mature spliceosomes are formed by the sub-
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sequent association of the U4/U6 and U5 snRNPs, in
the form of a 255 [U4/U6.U5] tri-snRNP complex (re-
viewed by Moore et al., 1993).

During splicing, a complex RNA network consisting
of several snRNA-pre-mRNA and snRNA-snRNA in-
teractions is formed (reviewed by Madhani & Guthrie,
1994; Nilsen, 1994). For example, during the early stages
of splicing complex formation, the Ul and U2 snRNPs
recognize and base pair with the 5’ splice site and the
branch site, respectively. In the subsequent steps of
spliceosome assembly, a number of RNA conforma-
tional changes, involving predominantly the snRNAs
of the [U4/U6.U5] tri-snRNP, are known to occur.
Within the tri-snRNP complex, the U4 and U6 snRNAs
base pair to form a Y-shaped structure with two inter-
molecular helices (Bringmann et al., 1984; Hashimoto
& Steitz, 1984; Rinke et al., 1985; Brow & Guthrie, 1988).
After the integration of this complex into the splice-
osome, the U4/U6 helices are completely unwound
and the U6 snRNA interacts with the 5’ end of the U2
snRNA (Datta & Weiner, 1991; Wu & Manley, 1991;
Madhani & Guthrie, 1992; Sun & Manley, 1995), as
well as intron sequences at the 5’ splice site (Sawa &
Abelson, 1992; Sawa & Shimura, 1992; Wassarman &
Steitz, 1992; Kandels-Lewis & Séraphin, 1993; Lesser &
Guthrie, 1993; Sontheimer & Steitz, 1993). The U4
snRNF, on the other hand, only loosely interacts or
even dissociates from the spliceosome (Lamond et al.,
1988; Yean & Lin, 1991). In addition to novel U6 snRNA
interactions, the U5 snRINA interacts with exon nucle-
otides at the 5’ splice site in the pre-catalytic splice-
osome and, after the first catalytic step of splicing,
additionally with exon nucleotides at the 3’ splice site
(Newman & Norman, 1991, 1992; Wyatt et al., 1992;
Cortes et al., 1993; Sontheimer & Steitz, 1993). It is
thought that the U4/U6 interaction domain re-forms,
and that the [U4/U6.U5] tri-snRNP complex reassem-
bles after each round of splicing.

The proteins involved in mediating these various
RNA conformational changes have not been identified
fully yet. A number of spliceosomal proteins have been
identified as putative RNA helicases and, accordingly,
have been proposed to mediate structural rearrange-
ments within the spliceosome (reviewed by Guthrie,
1991; Beggs, 1995; Will & Liihrmann, 1997b). In yeast,
for example, the non-snRNP splicing factor Prp28p,
which is a member of the DEAD-box family of puta-
tive RNA helicases, has been proposed to destabilize
the U4 /U6 helix (Strauss & Guthrie, 1991). Because the
U4 and U6 snRNAs undergo dramatic conformational
changes, it is also likely that intrinsic proteins of the
tri-snRNP complex, in particular those interacting with
U4 and U6, play a major role in facilitating both the
formation and unwinding of the U4/U6 helices. Inter-
estingly, at least one component of the [U4/U6.U5]
tri-snRNP complex, the U5-200kD protein, has been
identified as a putative RNA helicase both in humans
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and yeast (Lauber at al., 1996; Lin & Rossi, 1996; Noble
& Guthrie, 1996; Xu et al., 1996). However, the precise
target of this putative helicase is not clear presently.

The biochemical composition of the tri-snRNP com-
plex has been investigated intensively in HeLa cells. In
Saccharomyces cerevisiae, the initial biochemical charac-
terization of the yeast [U4/U6.U5] tri-snRNP indicates
that the complexity of its protein composition is sim-
ilar to that of the human complex (Fabrizio et al., 1994).
Purified HeLa tri-snRNPs contain two sets of the Sm
proteins B’, B, D3, D2, D1, E, F, and G, which are
known to associate with every species of m;G-capped
snRNA, and at least 14 additional proteins (Behrens &
Lithrmann, 1991). Nine of these, with molecular weights
of 15, 40, 52, 100, 102, 110, 116, 200, and 220kD, are
operationally defined as U5-specific proteins because
they can be co-isolated with 20S U5 snRNPs under
stringent conditions such as ion exchange chromatog-
raphy (Bach et al., 1989). U4/U6 snRNPs isolated by
Mono Q chromatography, on the other hand, contain
only Sm proteins (Bach et al., 1990). However, the in-
ability to detect U4/Ué6-specific proteins in purified
particles may simply be a consequence of the harsh
isolation conditions employed. The tri-snRNP com-
plex, for example, is salt sensitive and it, along with
several tri-snRNP-specific proteins, dissociates at ionic
strengths above 300 mM. Proteins that are found only
in tri-snRNP complexes, but not in purified U5 or
U4/U6 snRNPs, namely those with molecular weights
of 15.5, 20, 27, 60, and 90kD, have been defined as
tri-snRNP-specific (Behrens & Lithrmann, 1991), al-
though, under physiological conditions, several of
these proteins may actually bind directly to the U4 and
U6 snRNAs. Indeed, evidence indicating that two
spliceosomal-associated proteins (SAPs), with molec-
ular weights of 60 and 90kD, are associated with the
U4/U6 snRNP has been provided by immunoprecip-
itation studies with an autoimmune patient serum (Go-
zani et al., 1994).

In S. cerevisiae, two U4/Ué-specific proteins, namely
Prp4p and Prp3p, have been identified genetically (Ban-
roques & Abelson, 1989; Petersen-Bjern et al., 1989;
J.G. Anthony & J.L. Woolford, pers. comm.). Prp4p has
been shown to be required for the association of the
U4/U6 snRNP with the U5 snRNP and to interact
within the U4/U6 particle, either directly or indirectly,
with the conserved 5’ stem-loop of the U4 snRNA (Ban-
roques & Abelson, 1989; Petersen-Bjorn et al., 1989;
Bordonné et al., 1990; Xu et al., 1990). Interestingly,
Prp4p contains several WD repeats, initially found in
the GB subunit of the heterotrimeric G protein trans-
ducin, which have been shown to be essential for its
function during splicing (Dalrymple et al., 1989; Hu
et al., 1994; Ayadi et al., 1997). Prp3p was originally
proposed to be U4/Ué6-specific based on the observa-
tion that overexpression of its gene can compensate for
a defective PRP4 gene (Last et al., 1987). Inmunopre-
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cipitation studies have subsequently confirmed that it
associates with the U4/U6 snRNP (J.G. Anthony & J.L.
Woolford, pers. comm.).

In an effort to identify proteins interacting with the
HeLa U4/U6 snRNP, immunoaffinity chromatogra-
phy of total snRNPs was performed at various salt
concentrations with antibodies directed against the [U4/
U6.U5] tri-snRNP 60kD protein. At salt concentrations
higher than 350 mM, U4/U6 snRNPs containing the
common Sm proteins and the 60 and 90kD protein
could be isolated by elution with a competing 60kD
protein peptide, thereby demonstrating that the 60 and
90kD proteins interact preferentially with the U4/U6
particle. Based on partial peptide sequence data de-
rived by microsequencing of gel-purified tri-snRNP
proteins, cDNAs coding for the 60 and 90kD proteins
were isolated. Sequence alignments revealed that the
60kD protein is the mammalian homologue of S. cere-
visiae Prp4p, whereas the the 90kD protein shares ho-
mology with Prp3p. Both Prp4p and the 60kD protein
appear to contain seven WD repeats, and thus poten-
tially form a seven-bladed propeller structure charac-
teristic of the GB subunits of heteromeric G proteins
(Wall et al., 1995; Lambright et al., 1996; Sondek et al.,
1996).

RESULTS

Protein composition of gradient-purified 20S
U5 snRNPs and 25S [U4/U6.U5] tri-snRNPs

As a first step toward the identification of proteins
potentially interacting with U4/U6 snRNPs, the pro-
tein composition of 205 U5 snRNPs and 25S [U4/
U6.U5] tri-snRNPs was analyzed in more detail. To
this end, U1, U2, U4/U6, and U5 snRNPs were iso-
lated from HeLa nuclear extract by anti-m3G immu-
noaffinity chromatography under low-salt conditions
(250 mM NaCl). 20S U5 snRNPs and 255 tri-snRNPs
were purified from this snRNP mixture by glycerol
gradient centrifugation and their protein compositions
analyzed by SDS-PAGE (Fig. 1). As reported previ-
ously (Bach et al., 1989), in addition to the common
Sm proteins (B’ to G), proteins with apparent molec-
ular weights of 220, 200, 116, 110, 102, 100, 52, 40,
and 15kD were found associated with 20S U5 snRNPs.
Surprisingly, an additional protein of approximately
65kD is reproducibly observed in glycerol gradient-
purified U5 snRNP preparations. Because Mono Q-puri-
fied U5 particles generally lack this protein, it likely
represents a loosely associated component of the U5
snRNP. Apart from the aforementioned U5 snRNP
proteins, seven additional proteins with apparent
molecular weights of 90, 63, 61, 60, 27, 20, and 15.5kD
were detected as components of gradient-purified
255 [U4/U6.U5] tri-snRNP complexes. In contrast to
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FIGURE 1. Protein composition of the 20S U5 snRNP and 255 [U4/
U6.U5] tri-snRNP complex from HeLa cells. Proteins isolated from
20 pg of gradient-purified 20S U5 snRNPs or 255 (U4/U6.U5) tri-
snRNPs were separated on a 12% SDS-polyacrylamide gel and vi-
sualized by staining with Coomassie blue. Lane 1, molecular weight
markers; lane 2, total spliceosomal snRNP proteins; lane 3, 255 [U4/
U6.U5] tri-snRNP proteins; lane 4, 20S US snRNP proteins. The mo-
lecular masses (in kD) of protein standards (lane 1) are indicated on
the left and proteins present in the [U4/U6.U5] tri-snRNP complex,
on the right.

previous studies, where it was not possible to dis-
tinguish between one or more proteins in the 60kD
range (Behrens & Lithrmann, 1991), at least three tri-
snRNP proteins in this size range could clearly be
detected.
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Characterization of antibodies raised against
the 60, 61, 63, and 90kD tri-snRNP proteins
For the initial characterization of a subset of the tri-
snRNP proteins, the 60, 61, 63, and 90kD proteins were
gel purified and partial peptide sequences were ob-
tained by microsequencing. Polyclonal antibodies were
raised against synthetic peptides of these proteins and
their specificity tested by immunoblotting. As shown
in Figure 2A, anti-60kD and anti-90kD sera specifically
recognized the 60 and 90kD proteins, respectively, on
immunoblots of gradient-purified HeLa tri-snRNP pro-
teins (compare lanes 2 and 5 with lane 1); the corre-
sponding non-immune sera (lanes 6 and 9) did not
react with any of the tri-snRNP proteins. Anti-61kD
and anti-63kD sera recognized the 61 and 63kD pro-
teins, respectively (Fig. 2A, compare lanes 3 and 4 with
lane 1), but cross-reacted with the 40kD protein (in the
case of anti-61kD) or one or more proteins in the 100kD
range (in the case of anti-63kD); both cross-reactions
appeared to be due to antibodies present initially in
the corresponding non-immune serum (lanes 7 and 8).
The lack of cross-reactivity of these anti-sera with the
60, 61, and 63kD proteins provided further support for
the designation of these proteins as unique polypep-
tides. Additionally, the fact that the 65kD protein was
not recognized by any of these anti-sera when immu-
noblotting was performed with gradient-purified 20S
U5 snRNPs containing significant amounts of the 65kD
protein (Fig. 2B) suggested that it might be distinct
from the three tri-snRNP proteins of similar molecular
weight and could, thus, represent a novel U5 snRNP
protein. Alternatively, the 65kD protein could repre-
sent a post-translationally modified version of the 60,
61, or 63kD protein which does not react with the
corresponding anti-serum. The latter experiment also
confirmed that the 60, 61, 63, and 90kD proteins are
largely absent from purified 20S U5 snRNPs (Fig. 2B).
To what extent the 65kD protein is also present in 255
[U4/U6.U5] tri-snRNPs is currently unclear. Isolation
of partial cDNA clones coding for the 60, 61, and 63kD
proteins provided independent confirmation that they
are unique polypeptides (see below; data not shown).
The ability of the various anti-peptide antibodies to
specifically recognize native proteins present in the
isolated [U4/U6.U5] tri-snRNP complex was assayed
subsequently by immunoprecipitation. For this pur-
pose, antibodies were bound to Protein A-Sepharose
and incubated with a mixture of immunoaffinity-
purified snRNPs (U1, U2, U4/U6, and U5). The ability
of each antibody to react with a given snRNP was
determined by assaying for co-precipitation of the cor-
responding snRNA. Anti-90kD, anti-63kD, and anti-
61kD antibodies failed to precipitate any snRNAs (data
not shown), suggesting that they recognize only the
denatured form of these proteins and/or that their
cognate epitope is not accessible in intact tri-snRNPs.
In contrast, anti-60kD antibodies recognized [U4/
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FIGURE 2. Characterization by western blotting of antibodies di-
rected against the high molecular weight tri-snRNP-specific pro-
teins. SnRNP proteins isolated from gradient-purified 255 [U4/
U6.U5] tri-snRNPs (A) or 20S U5 snRNPs (B) were blotted onto
nitrocellulose and immunostained as described in Materials and
Methods. Lane 1 in panel A: tri-snRNP proteins stained with Pon-
ceau S. Lane 5 in panel B: U5 snRNP proteins stained with Ponceau
S. Lanes 2-5 in panel A and 1-4 in B were immunostained with the
following antibodies: anti-60kD diluted 1:10,000, anti-61kD diluted
1:200, anti-63kD diluted 1:200, and anti-90kD diluted 1:1,000. Non-
immune sera (lanes 6-9 in panel A) were diluted to the same extent
as their respective immune sera. The positions of proteins present in
the [U4/U6.U5] tri-snRNP complex are labeled on the left or right of
each panel.

U6.U5] tri-snRNPs, as evidenced by the coprecipita-
tion of predominantly U4, U5, and U6 snRNAs (data
not shown, see below). Precipitation of the latter could
be competed for by the addition of an excess of the
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60kD peptide (60-4.pep), against which the antibody
was raised, indicating that the anti-60kD antibodies
react specifically with tri-snRNP-bound 60kD protein
(data not shown).

Immunoaffinity purification of native U4/U6
snRNPs with anti-60kD antibodies

The ability of anti-60kD antibodies to recognize the 60kD
protein efficiently in intact [U4/U6.U5] tri-snRNPs and
the possibility to compete for binding with an excess
of synthetic peptide suggested that this antibody could
be used to investigate further the association of the
60kD protein with components of the tri-snRNP com-
plex. We were particularly interested in determining
whether one or more proteins might preferentially as-
sociate with U4/U6 snRNPs upon dissociation of the
tri-snRNP complex. For this purpose, anti-60kD anti-
bodies were covalently bound to Protein A-Sepharose
and immunoaffinity chromatography was performed
with a mixture of snRNPs at various salt concentra-
tions. Bound snRNPs were eluted by an excess of syn-
thetic peptide (60-4.pep) and their RNA and protein
composition was analyzed. As shown in Figure 3A, at
relatively low ionic strength (150-200 mM KCl) parti-
cles containing U4, U5, and U6 snRINAs were bound al-
most exclusively and subsequently eluted from the
column (lanes 2-3). At salt concentrations at or above
300 mM, where the [U4/U6.U5] tri-snRNP complex is
known to dissociate, the amount of bound U5 snRNP
decreased dramatically compared with U4 and U6
(lanes 4-6). At 400 mM KCl, only U4/U6 snRNA was
present in the peptide eluate, indicating that the 60kD
protein remains stably associated with the U4/U6
snRNP under conditions where the U5 snRNP has com-
pletely dissociated from the U4/U6 particle. When the
protein pattern of the peptide eluates was examined
(Fig. 3B), similar amounts of U5- and tri-snRNP-specific
proteins were detected when immunoaffinity chroma-
tography was performed at 150-200 mM KCl, indicating
that predominantly [U4/U6.U5] tri-snRNP complexes
were bound and eluted. Because of the high amount of
synthetic peptide used for elution, the presence of low
molecular weight proteins was obscured. In addition, a
number of proteins are poorly resolved on this partic-
ular gel, including the 63 and 65kD proteins, as well as
those in the 100 and 200kD range. Consistent with the
reduced amount of U5 snRNA eluted, a corresponding
reduction in U5 snRNP-specific proteins in the eluates
was observed when snRNPs were applied to the col-
umn in buffer containing 300-400 mM KClI (Fig. 3B,
lanes 3-5). A similar reduction in the amount of the 61kD
and, presumably, the 63kD tri-snRINP protein was also
observed as the salt concentration was increased, sug-
gesting that they also dissociate from the U4/U6 snRNP
at ionic strengths above 300 mM KCL In contrast, sig-
nificant amounts of the 60 and 90kD protein were still

J. Lauber et al.

detected when immunoaffinity chromatography was
performed at 400 mM KCl (Fig. 3B, lane 5). Because rel-
atively pure U4 and U6 snRNAs were also eluted un-
der these conditions (Fig. 3A, lane 6), the 60 and 90kD
proteins appear to associate preferentially with these
snRNAs and thus should be referred to as U4/U6
snRNP-specific proteins.

Cloning of the U4/U6 snRNP-specific
60kD protein

As a prerequisite for the detailed structural and func-
tional analysis of the 60 and 90kD U4/U6 snRNP pro-
teins, we set out to clone and sequence their respective
cDNAs. A database search for corresponding open read-
ing frames was thus performed using the partial amino
acid sequences obtained by microsequencing of puri-
fied 60 and 90kD protein. Because, at that time, no se-
quences matching those obtained from the 60kD protein
were found, a HeLa cDNA library was screened with
degenerate oligonucleotide primers designed from the
sequence of the 60kD peptide (60-3.pep). This led to
the isolation of a 1.87-kb cDNA clone that contained a
truncated open reading frame of 241 amino acids. To
obtain a cDNA encoding the entire 60kD protein, PCR
amplification of reverse-transcribed HeLa mRNA with
gene-specific primers was performed, resulting in the
isolation of 2.8-kb full-length cDNA clone. The open
reading frame of this cDNA codes for a protein with a
predicted molecular mass of 58.5kD and a calculated
isoelectric point of 6.99, which is in good agreement
with both the apparent size and experimentally deter-
mined isoelectric point (pI 6.7) of the 60kD protein
(Fig. 4 and data not shown). All of the peptide se-
quences obtained from microsequencing of the puri-
fied 60kD protein are present in the deduced amino
acid sequence; only two amino acids in 60-1.pep and
one in 60-4.pep are different (Fig. 4). Consistent with it
being the bona fide 60kD cDNA, peptide sequences
obtained from the purified protein are located at both
the C- and N-terminus of the cDNA-encoded protein.
An AUG codon (nt 94-96), whose surrounding se-
quence conforms to the consensus sequence for eu-
karyotic translation initiation (Kozak, 1987), is located
93 nucleotides from the 5’ end of the cDNA clone. An
inframe stop codon (nt 43-45) is found upstream of
this initiator codon, confirming that it codes for the
first methionine. A polyadenylation signal (AUUAAA,
nt 2749-2754) is located 1,091 nt downstream of the
stop codon (nt 1658-1660) and 23 nt upstream of the
poly A tail.

The N-terminal part of the 60kD protein does not
contain any known motifs that might provide insight
into its probable function. In contrast, at least six WD
repeats are found in the C-terminal portion of the pro-
tein. The WD repeat (also referred to as the WD-40 or
B-transducin repeat) was first observed in the S-subunit
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FIGURE 3. Immunoaffinity purification of U4/U6 snRNPs. Anti-m3G-purified HeLa snRNPs were passed over an anti-
60kD affinity column at various salt (KCl) concentrations as indicated above each lane. Bound particles were eluted with
competing peptide (60-4.pep) as described in Materials and Methods, and the RNA and protein composition of the eluates
was subsequently analyzed. A: snRNAs isolated from the anti-60kD column eluates were fractionated on a 10% poly-
acrylamide-7 M urea gel and visualized by staining with silver. The identity of the snRNAs is indicated on the left. B:
Proteins isolated from the eluates were fractionated on a 10% SDS-polyacrylamide gel and stained with Coomassie blue.

The identity of the eluted proteins is shown on the left.

of heteromeric GTP-binding (G) proteins involved in
signal transduction and is normally present four to
eight times within each polypeptide (reviewed by Neer
et al., 1994). The conserved core of the WD repeat
consists of a region 23-41 amino acids in length that
is typically bracketed by GH (Gly-His) and WD (Trp-
Asp): [GH-X33_41-WD]. This conserved region is pro-
ceeded by a variable region that can range from 6 to 94
amino acids in length. The first WD repeat of the 60kD
protein is located from amino acid 270 to 308, the sixth
from 489 to 519 (Figs. 4, 7). A seventh potential WD

repeat, which matches relatively poorly the consensus
sequence defined by Neer et al. (1994), is located from
amino acid 213 to 236. Altogether, these seven WD
repeats encompass the entire C-terminal half of the
U4/U6-60kD protein.

Cloning of the human U4/U6 snRNP-specific
90kD protein

A database search performed with the partial amino
acid sequences obtained by microsequencing of puri-
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FIGURE 4. Nucleotide and predicted amino acid sequence of the U4/U6-60kD protein. The sequence of the 60kD cDNA
isolated from HeLa cells is shown (Genbank accession no. AF001687). Peptide sequences obtained by microsequencing of
the native protein are underlined. The polyadenylation signal in the 3" untranslated region is shown in bold type and the
termination codon is marked with an asterisk.
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fied 90kD protein led to the identification of an ex-
pressed sequence tag (EST), derived from a human
neuroepithelium ¢cDNA library (clone 646542, acces-
sion no. AA205409), with an open reading frame match-
ing one of the 90kD peptide sequences. This EST was
sequenced in its entirety and, based on its sequence,
appeared to encode the full length 90kD protein. The
open reading frame of this cDNA encodes a protein
with a predicted molecular weight of 77.5kD and a
calculated isoelectric point of 9.5. All peptide sequences
obtained by microsequencing of the purified 90kD pro-
tein are found in the predicted amino acid sequence of
the cDNA clone, both in N- and C-terminal regions of
the sequence (Fig. 5; a single amino acid difference
was observed with 90-1.pep). A putative AUG ini-
tiation codon is located 72 bp from the 5’ end of this
cDNA. An inframe stop codon is found directly up-
stream (nucleotides 66-68) of this initiator codon,
confirming that it codes for the first methionine. A
putative polyadenylation signal (AUUAAA, nucleo-
tides 2320-2325) is present 197 nucleotides down-
stream of the stop codon (nucleotides 2121-2123), and
a poly A tail is present 12 nucleotides downstream
of the AUUAAA sequence, indicating that the cDNA
contains the complete carboxy-terminus of the protein.

The predicted amino acid sequence of the U4/Ué6-
90kD protein contains a biased amino acid composi-
tion with a large overall percentage of basic residues
(18% arginine and lysine), a proline-rich region be-
tween amino acids 120 and 190, and a serine-rich amino-
terminus which contains regions similar to the mixed
charged clusters often found in SR proteins. At least
three regions which are homologous to one another
(amino acids 65-102, 374-394, and 506-544), and which
share a central ELK muotif, are also present. In addition,
two copies (amino acids 5-21 and 518-534) of a nu-
clear localization signal (NLS) (Dingwall & Laskey,
1991) can be detected. Consistent with the proposed
consensus sequence, these two NLSs are comprised
of two basic amino acids followed by a 10-11 amino
acids long spacer region and a basic cluster in which
three out of five amino acids are basic (NLS1, KREL
DELKPWIEKTVKR; NLS2, RKLTAEQRKVKKIKKLK).
However, whether or not these NLSs are functional is
presently not clear. Finally, a database BLOCKS search
(Henikoff & Henikoff, 1994) revealed a region with
some similarity to a double-stranded RNA binding
motif (see below).

Isolated cDNAs encode proteins with apparent
molecular weights of 60 and 90kD

To provide evidence that the isolated cDNAs indeed
code for for full-length 60kD or 90kD protein, we an-
alyzed the electrophoretic mobility of the cDNA-
derived proteins. The 60 and 90kD ¢cDNAs were thus
transcribed and translated in vitro, and the migration
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behavior of the in vitro-translated proteins compared
with that of the native proteins. As shown in Figure 6,
in vitro-translated 60kD protein possessed an appar-
ent molecular weight similar, if not identical, to that of
native U4/U6-60kD protein (compare lanes 2 and 3).
Additional evidence that the 60kD band generated by
in vitro translation corresponds to the U4/U6-60kD
protein was provided by immunoprecipitation studies
with polyclonal anti-60kD antibodies that specifically
react with the 60kD, but not the 61 or 63kD, protein
(data not shown). In vitro translation of the putative
U4/U6-90kD cDNA yielded a protein product that co-
migrates on SDS-polyacrylamide gels with the native
U4/U6-90kD protein (Fig. 6, compare lanes 2 and 4).
The basis for the difference between the predicted (77.5)
and observed molecular weight of the U4/U6-90kD
protein is not clear, but could indicate that the 90kD
protein undergoes some form of posttranslational mod-
ification. Alternatively, its aberrant migration behavior
could be caused by stretches of acidic amino acids
present in its N-terminal half. In sum, we conclude
from these results that both cDNAs encode full-length
proteins.

U4/U6-60kD protein is homologous
to Prp4p from yeast

A database search with the amino acid sequence of the
60kD protein revealed that it is homologous to the S.
cerevisiae U4/U6 snRNP protein, Prp4p. An alignment
of the Prp4p and 60kD sequences is shown in Figure 7.
Compared with Prp4p (465 amino acids), U4/Ué-
60kD (521 amino acids) contains several insertions in
its N-terminal domain. An overall identity of 33.9%
(57.8% similarity) is observed between the two pro-
teins and regions of homology are not restricted to a
particular domain, but rather are found throughout
the entire sequence. The greatest degree of homology
is found in the C-terminal half of these proteins where
Prpdp, like the 60kD protein, contains at least six WD
repeats (Fig. 7B,C). A seventh putative WD repeat can
be identified at positions 165-205 in Prp4p. Based on
its significant degree of homology, we conclude that
the U4/U6-60kD protein is the mammalian counter-
part of Prpdp.

An alignment of the WD repeats of human U4/Ué-
60kD, yeast Prp4p, and bovine GB-transducin, the pro-
totype member of the WD-repeat protein family, is
shown in Figure 7C. The overall conservation of these
motifs is striking. Members of this protein family func-
tion in biochemical pathways as diverse as signal trans-
duction, cell cycle control, and RNA processing. The
exact function of the WD repeat has not been deter-
mined, but a common feature of all members of the
family is their assembly into multiprotein complexes,
suggesting that it may mediate protein-protein inter-
actions (Neer et al., 1994).
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1 tctcaggggctgaagtttgtgaggtgtagtattgagtectgtttgagetattgttetetttttcctgaaaa ATG GCA CTG TCA AAG AGG GAG CTG GAT 98
1 M A L S K R E L D9
99 GAG CTG AAA CCA TGG ATA GAG AAG ACA GTG AAG AGG GTC CTG GGT TTC TCA GAG CCT ACG GTG GTC ACA GCA GCA TTG AAC 179
10FE L kK P W I E K T V K R V L G F S E P T V V T A A L N 36
180 TGT GTG GGG AAG GGC ATG GAC AAG AAG AAG GCA GCC GAT CAT CTG AAA CCT TTT CTT GAT GAT TCT ACT CTC CGA TTT GTG 260
37 ¢ VvV 6 K 6 M D K K K A A D H L K P F L D D S T L R F V 63
261 GAC AAA CTG TTT GAG GCT GTG GAG GAA GGC CGA AGC TCT AGG CAT TCC AAG TCT AGC AGT GAC AGG AGC AGA AAA CGA GAG 341
64 D K L F E A V E E G R S S R H S8 K S8 8 8 D R S8 R K R E 90
342 CTA AAG GAG GTG TTT GGT GAT GAC TCT GAG ATC TCT AAA GAA TCA TCA GGA GTA AAG AAG CGA CGA ATA CCC CGT TTT GAG 422
91 L. X E ¥ F G D D s E I S K E 8§ S 6 V K K R R I P R F E 117
423 GAG GTG GAA GAA GAG CCA GAG GTG ATC CCT GGG CCT CCA TCA GAG AGC CCT GGC ATG CTG ACT AAG CTC CAG ATC AAA CAG 503
118 E Vv E E E P E V I P G P P S E S P G M L T K L Q I K Q 144
504 ATG ATG GAG GCA GCA ACA CGA CAA ATC GAG GAG AGG AAA AAA CAG CTG AGC TTC ATT AGC CCC CCT ACA CCT CAG CCA AAG 584
45 ¥ M E A A T R Q I E E R K K @ L S F I S P P T P Q P K 171
585 ACT CCT TCT TCC TCC CAA CCA GAA CGA CTT CCT ATT GGC AAC ACT ATT CAG CCC TCC CAG GCT GCC ACT TTC ATG AAT GAT 665
72 © P 8 § 8§ @ P E R L P I G N T I Q P S Q A A T F M N D 198
666 GCC ATT GAG AAG GCA AGG AAA GCA GCT GAA CTG CAA GCT CGA ATC CAA GCC CAG CTG GCA CTG AAG CCA GGA CTC ATC GGC 746
199 A I E X A R XK A A E L Q@ A R I Q A Q L A L K P G L I G 225
745 AAT GCC AAC ATG GTG GGC CTG GCT AAT CTC CAT GCC ATG GGC ATT GCT CCC CCG AAG GTG GAG TTA AAA GAC CAA ACG AAA 827
226 N A N M V 6 L A N L H A M G I A P P K V E L K D Q T K 252
828 CCT ACA CCA CTG ATC CTG GAT GAG CAA GGG CGC ACT GTA GAT GCA ACA GGC AAG GAG ATT GAG CTG ACA CAC CGC ATG CCT 908
253 P T P L I L D E Q G R T V D A T G K E I E L T H R M P 279
909 ACT CTG AAA GCC AAT ATT CGT GCT GTG AAG AGG GAA CAA TTC AAG CAA CAA CTA AAG GAA AAG CCA TCA GAA GAC ATG GAA 989
260 T L K A N I R A V K R E Q F K Q Q L K E K P S E D M E 306
990 TCC RAT ACC TTT TTT GAC CCC CGA GTC TCC ATT GCC CCT TCC CAG CGC CAG AGA CGC ACT TTT AAA TTC CAT GAC AAG GGC 1070
347 s N T F F D P R V 5 I A P S Q R Q R R T F K F H D K G 333
1071 AAA TTT GAG AAG ATT GCT CAG CGA TTA CGG ACA AAG GCT CAA CTG GAG AAG CTA CAG GCA GAG ATT TCA CAA GCA GCT CGA 1151
334 K F E K I A Q@ R L R T K A Q L E K L O A E I S O A A R 360
1152 AAA ACA GGC ATC CAT ACT TCG ACT AGG CTT GCC CTC ATT GCT CCT AAG AAG GAG CTA AAG GAA GGA GAT ATT CCT GAA ATT 1232
31 K T 6 I H T S T R L A L I A P K K E L K E G D I P E I 387
1233 GAG TGG TGG GAC TCT TAC ATA ATC CCC AAT GGC TTT GAT CTT ACA GAG GAA AAT CCC AAG AGA GAA GAT TAT TTT GGA ATC 1313
38 E W W D S Y I I P N G F D L T E E N P K R _E D Y F G I 414
1314 ACA AAT CTT GTT GAA CAT CCA GCC CAG CTC AAT CCT CCA GTT GAC AAT GAC ACA CCA GTT ACT CTG GGA GTA TAT CTT ACC 1394
415 T N L Vv E H P A QO L N P P V D N D T P ¥ T L G V Y L T 441
1395 AAG AAG GAA CAG AAA AAA CTT CGG AGA CAA ACA AGG AGG GAA GCA CAG AAG GAA CTA CAA GAA AAA GTC AGG CTG GGC CTG 1475
42 XK K E Q XK K L R R Q0 T R R E A Q¢ K E L Q E K V R L G L 468
1476 ATG CCT CCT CCA GAA CCC AAA GTG AGA ATT TCT AAT TTG ATG CGA GTA TTA GGA ACA GAA GCT GTT CAA GAC CCC ACG AAG 1556
469 M P P P E P K V R I §s N L M R V L G T E A V Q D P T K 495
1557 GTA GAA GCC CAC GTC AGA GCT CAG ATG GCA AAA AGA CAG AAA GCG CAT GAA GAG GCC AAC GCT GCC CGA AAA CTC ACA GCA 1637
496 VvV E A H V R A Q M A X R Q K A H E E A N A A R K L T A 522
1638 GAA CAG AGA AAG GTC AAG AAA ATT AAA AAG CTT AAA GAA GAC ATT TCA CAG GGG GTA CAC ATA TCT GTA TAT AGA GTT CGA 1718
523 E Q R K V X K I K XK L K E p I S Q G V H I S V Y R V R 549
1719 AAT TTG AGC AAC CCA GCC AAG AAG TTC AAG ATT GAA GCC AAT GCT GGG CAA CTG TAC CTG ACA GGG GTG GTG GTA CTG CAC 1799
550 N L S§ N P A K K F K I E A N A G Q L Y L T G V V V L H 576
1800 AAG GAT GTC AAC GTG GTA GTA GTG GAA GGG GGC CCC AAG GCC CAG AAG AAA TTT AAG CGT CTT ATG CTG CAT CGG ATA AAG 1880
57 K D vV N V VvV Vv V E G 6 P K A Q K K F K R L M L H R I K 603
1881 TGG GAT GAA CAG ACA TCT AAC ACA AAG GGA GAT GAT GAT GAG GAG TCT GAT GAG GAA GCT GTG AAG AAA ACC AAC AAA TGT 1961
604 W D E Q@ T S N T K G D D D E E S D E E A V K K T N K C 630
1962 GTA CTA GTC TGG GAG GGT ACA GCC AAA GAC CGG AGC TTT GGA GAG ATG AAG TTT AAA CAG TGT CCT ACA GAG AAC ATG GCT 2042
631 v L Vv W E G T A K D R S F G E M K F K O ¢ P T E N M 2 657
2043 CGT GAG CAT TTC AAA AAG CAT GGG GCT GAA CAC TAC TGG GAC CTT GCG CTG AGT GAA TCT GTG TTA GAG TCC ACT GAT TGA 2123
658 R E H F K K H G A E H Y W D L A L § E § V L E S T D =* 684
2124 gactactgcaagcccttgcct:ctcctcccttgcctttgtctcttcagtcctctcacttattct.atttcccaaccccctcccacttgtttgtg’tgatctcagaactgt 2230
2231 gccaagcagacactgggacaaagggagaatatcttgctccectectgagtcagectggtgttgeoctttattececttatgtgecatatgattaaagagttattttta 2337
2338 aaaaaaaaaaaaaaaaaaaaa 2358
FIGURE 5. Nucleotide and predicted amino acid sequence of the U4/U6-90kD protein. The sequence of the 90kD cDNA
isolated from human neuroepithelial cells is shown. Peptide sequences obtained by microsequencing of the native protein
are underlined. The polyadenylation signal in the 3’ untranslated region is shown in bold type and the termination codon
is marked with an asterisk. Putative nuclear localization signals are italicized.
U4/U6-90kD protein is homologous tion of probable homologues in Caenorhabditis elegans
to Prp3p from 8. cerevisiae (M03C11.7, accession no. Z49128), Schizosaccharomyces

A database search using the amino acid sequence  pombe (g1044928, accession no. Z66525), and S. cerevi-

of the

U4/U6-90kD protein led to the identifica-  sige (g927760, accession no. U33050). The clones from



Identification of human homologues of Prp4p and Prp3p

S s
& AT o0
wa _M ¢ z
200 — | R e —220/200
- i —116/110
116 - ~_ |=102100
- = 90K
66—
—70K
= 60K
—52
45—
1 —
3 -B/B
21—
14.4—

1 2 3 4

FIGURE 6. The cDNA-encoded 60kD and 90kD proteins exhibit a
gel migration behavior similar to their native counterparts. Isolated
c¢DNAs were used for in vitro translation of the 60kD (lane 3) and
90kD protein (lane 4) as described in Materials and Methods. A 5-uLL
aliquot of each assay was fractionated on a 12% SDS-polyacrylamide
gel and visualized by fluorography. Molecular weight markers
(lane 1) and total HeLa snRNP-proteins (lane 2) were fractionated
on the same gel and visualized by staining with Coomassie blue.
The molecular masses (in kD) of marker proteins are shown on the
left and the positions of the major snRNP proteins are indicated on
the right.

C. elegans and S. pombe potentially code for proteins
with predicted molecular weights of 71.2 and 62.6kD,
respectively. These polypeptides display 35.8% and
31.8% sequence identity, respectively, with the human
90kD protein. The clone from S. cerevisiae codes for a
469 amino acid-long protein with a predicted molecular
weight of 55.8kD. The S. cerevisize protein and human
U4/U6-90kD share 19.8% identity (40% similarity) in a
121 amino acid-long region at their N-termini, and
30% identity (52% similarity) in a region encompass-
ing approximately 260 amino acids at the C-terminal
part of both proteins (residues 418-682 and 218-469 of
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the human and yeast protein, respectively) (Fig. 8A).
The human protein is 218 amino acids longer than its
yeast counterpart and thus several large insertions are
observed in its central region. A sequence alignment of
all four 90kD homologues (data not shown) reveals a
high degree of similarity among their C-terminal halves,
suggesting that this domain is the most functionally
significant region of the protein. Interestingly, the ho-
mologous protein from S. cerevisiae has been identified
as Prp3p, a U4/U6 snRNP-associated protein detected
previously by genetic means (J.L. Woolford, pers.
comm.). Based on their shared homology, we conclude
that the U4/U6-90kD protein from neuroepithelial cells
is the human counterpart of the yeast Prp3p.

Several short regions of homology between U4/U6-
90kD and E. coli RNase III were also detected (Fig. 8B).
Interestingly, one of these regions (amino acids 149-
222 and 554-626 in RNase III and the 90kD protein,
respectively) encompasses the double-stranded (ds)
RNA binding domain of RNase III (Kharrat et al., 1995).
Similarity to the dsRINA binding domains of other pro-
teins, e.g., domain 3 of the Drosophila staufen protein,
was also detected (St. Johnston et al., 1992; Bass et al.,,
1994; Bycroft et al., 1995). Significantly, amino acids
known to be essential for dsRNA binding activity, such
as the phenylalanine at position 32 and the lysine at
position 50 of domain 3 of the Drosophila staufen pro-
tein, are also conserved in the U4/U6-90kD protein
(Fig. 8B; Bycroft et al., 1995). However, whether the
90kD protein exhibits double-stranded, or even single-
stranded, RNA binding activity is presently an open
question.

DISCUSSION

In the present work, we demonstrate by immuno-
affinity chromatography that components of the 255
[U4/U6.U5] tri-snRNP, namely the 60 and 90kD pro-
teins, associate preferentially with the U4/U6 snRNP
(Fig. 3). The designation of these proteins as U4/U6-
specific was further supported by the subsequent dem-
onstration that they are structural homologues of the
S. cerevisiae splicing factors, Prp4p and Prp3p, known
components of the yeast U4/U6 snRNP (Figs. 7, 8)
(Banroques & Abelson, 1989; Petersen-Bjorn et al., 1989;
]J.G. Anthony & ].L. Woolford, pers. comm.). These re-
sults are also consistent with previous immunoprecip-
itation studies identifying two spliceosomal associated
proteins (SAPs), with molecular weights of 60 and 90kD,
as components of the HeLa U4/U6 snRNP (Gozani
et al., 1994). Based on their identical apparent molec-
ular weights, SAP60 and SAP90 most likely corre-
spond to the 60 and 90kD proteins that we have
described and characterized here.

By amino acid sequence comparisons, we have iden-
tified the U4/U6-60 and 90kD proteins as mammalian
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FIGURE 7. Primary structure comparison of the human 60kD and S. cerevisige Prpdp proteins and alignment of their WD
repeats with bovine B-transducin. A: Amino acid alignment of the HeLa U4/U6-60kD protein and yeast Prp4p (Genbank
accession no. M28518) using the ClustalV program. Identical residues are indicated by dark grey boxes. Conserved residues
are marked by light grey boxes and are grouped as follows: (LVIMAPFW), (YGCNQST), (KRH), and (ED). B: Schematic
diagram of the primary structure of the 60kD and Prp4p. The positions of conserved WD repeats (GH-X3735-WD) within
each protein are boxed; all spacing is according to scale. WD repeats of the U4 /U6-60kD protein are located at the following
amino acid positions: 270-308, 320-350, 362-392, 404-434, 446-477, and 489-519. A seventh potential WD repeat is located
from amino acid positions 213 to 236 (light gray box). C: Multiple alignment of the WD repeats of the human U4/U6-60kD
protein, Prpdp, and bovine g-transducin. Amino acid sequences were aligned using the ClustalV program. Conserved res-
idues (see above) are indicated by light gray boxes and identical residues by dark gray boxes. Amino acid positions are in-
dicated on the right.
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U4/U6-90kD MIEIL SIERE L BE L K WIEK.KHV -SEPTVVIAALNCV-DKKKAADH-P-DD- 59
Prp3p ME- PENTYEKGNEIKRQN YYK LRREETTHMIDEEKFQ KT--- - - E S KS 54
U4/UB-90kD R DRIL FEAVIEG- RIS R s_n SR.E L'E.» DD-ESSGVKKIRIPIF‘E 17
Prp3p N REBETvyaTclNP YLD PHD SHFN YERGEK QK RI A- - eEfliTEQKQQ 112
U4/UB-90kD Iv EPEVIPGPPSESPGMLTKLQ-QMIEAATHolas KQLSFI SPPTPQPKTPSSSQ 177
Prp3p EUNM- - - - - - - - - - - - - - - - RKIEKQEEDEKEKIEM- - - - - - - - - - - - - - - - - - - - 132
U4/UB-90kD PEFILPIGNTIQPSQAATFMNDAIEKAHKAAELQARIQAQLALKPG-G.AN VGLANLHA 237
Prp3p EGDM- - - - - - - - 139
U4/UB-90kD HRMPTLKANI RAVKREQ aQL 297
prpap - = = 157
U4/U6-90kD RTIAQEEKL QAEI SQ 357
Prpdp MEBMYDMNG- - - - - - - 188
U4/U6-90kD NPKREDJFGI TNL 417
Pmp3p D IR 216
U4/UB-90kD E QL NlP v D.T P G K.Q—T-E QKELQ 477
Prp3p A - - -HMEKI A K K Q R R MEBREARE 273
U4/UB-90kD R G A - K AH A.AKIQIA EIA.AA LT.EQ.V.KIKK KE 536
Prp3p s E QN A KV D DLEKEKEL McME R EDMMI K -MERVNENY 332
L L T ¢ I I
Prpdp KPHEvV YMcKHMF Q Kl K SKE K CHiR I DG v EMS FY 302
U4/UB-90kD K R D DDEESDEE AMK NKCVLV-KlFIS GEIK.Q.P 652
Prp3p EN N I KM@MHNNSEISIIN- - - - - - ofic KK GWF VEIN a8
U4/U6-90kD TENM.HEHIKK WDLALSESVLESHD 683
Prp3p DQDSELARTMGQFDSHIMMF YS- - - - - - - - PVENT 469
E. coli RNAse IlI 17 HQE B 0 HREA —-—S.HN_E—.G.I'SYIIANA.YSB

H. sap. U4/UB-90kD 25 EPT A CVKGMDKKINAA K P D TEIR FI- - D KIlF 67

E. coli RNAse Ill %0 L E-RIG- 100 -S'FRRES.Alﬂs

H. sap. U4/U6-90kD 213 I A Ak ... . 246 D KPTPL D 260

E. coli RNAse il 149 llc DJollio P kiR LE RH LPTYL.Q.R.EA!DIE— TIHCQVSGL197
H.sap. U4/U6-90kD 554 A KIEFII E AN A c L vV HKDVN VEMEEc PEABMK KK RLMLHR I K603
E. coli RNAse Il 198 sirv vEINEEEER K A QAAAIQ 222

H.sap. U4/U6-90kD 604 WBE - - QMBS N B K cDDBEESDE 626

FIGURE 8. A:Sequence alignment of the human U4/U6-90kD and S. cerevisiae Prp3p proteins. Amino acids of the human
90kD protein and yeast Prp3p (Genbank accession no. U33050) were aligned using the ClustalV program. Identical
residues are indicated by dark gray boxes and similar residues (grouped as described above) are marked by light gray
boxes. Amino acid positions are indicated on the right. B: Sequence alignment between regions of the human U4 /U6-90kD
protein and E. coli RNase III (Genbank accession no. U36841). Amino acids were aligned and shaded as described above.
Amino acids known to be essential for dsSRNA binding activity in the Drosophila staufen protein (Bycroft et al., 1995), which
are also conserved in the U4/U6-90kD protein, are indicated by arrowheads. RNase III and the 90kD protein exhibited 50%
similarity in region 1 (amino acids 17-58 and 25-67, respectively), 56% similarity in region 2 (amino acids 90-115 and
213-260, respectively), and 40% similarity in the double-stranded binding domain of RNase III (amino acids 149-222 and
554-626, respectively). Amino acid positions are indicated at the left and right.

homologues of the yeast essential splicing factors Prp4p
and Prp3p, respectively. A growing number of snRNP
proteins have been shown to be both structurally and
functionally evolutionarily conserved between yeast
and man (for review see Beggs, 1995; Kramer, 1995).
The shared structural homology of the human 60 and
90kD proteins with essential splicing factors in yeast
suggests that they, too, may carry out functions essen-
tial to the mammalian splicing process. Prp4p was
shown to be required early in the spliceosome assem-
bly pathway, as well as just prior to the first catalytic
step of splicing (Banroques & Abelson, 1989; Petersen-

Bjorn et al., 1989; Ayadi et al., 1997). By comparison,
relatively little is known about Prp3p other than that it
is an essential splicing factor. The presence of at least
six, perhaps even seven, WD repeats in both Prp4p
and U4/U6-60kD (Fig. 7C) suggests that the function
of these proteins is mediated, at least in part, by this
evolutionarily conserved domain. Indeed, a detailed
mutational analysis of Prp4p demonstrated that its WD
repeats are required for its function in splicing (Hu
et al., 1994). The structure of the prototypical WD re-
peat protein, namely the transducin GB subunit, has
been solved recently and shown to form a seven-
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bladed propeller-like structure (Wall et al., 1995; Lam-
bright et al., 1996; Sondek et al., 1996). Because both
Prp4p and the HeLa 60kD protein, like the GB subunit,
also appear to possess six or seven WD repeats, it is ex-
pected that they also form a similar propeller structure.

Based on the fact that the GB subunits of hetero-
trimeric G proteins also possess a homologous WD
domain consisting of seven WD repeats, and that these
proteins interact with Ga GTPase subunits in a GTP-
dependent, cyclical manner during signal transduc-
tion (reviewed by Neer, 1995), it has been speculated
that Prp4p might be involved in GTP-dependent cy-
clical interactions occurring during the splicing pro-
cess (Dalrymple et al., 1989). One potential role for
this protein could be the recycling of the tri-snRNP
complex during each round of splicing. Consistent
with this hypothesis, previous studies indicated that
Prp4p promotes interactions between the U4/U6 and
U5 snRNP (Bordonné et al., 1990; Xu et al., 1990). A
number of studies suggest that Prp4p normally dis-
sociates from the spliceosome, along with the U4
snRNP, just prior to the first catalytic step of splicing
(Tarn et al., 1993; Ayadi et al., 1997). Significantly, a
subset of mutations in the second WD repeat of Prp4p
appears to prevent its dissociation and block the
spliceosome in an inactive conformation (Ayadi
et al.,, 1997). These results have led to the proposal
that Prp4p is required for a functionally important
conformational change in the spliceosome that in-
volves release of the U4 snRNP (Ayadi et al., 1997).
Thus, Prp4p could conceivably be required for both
the association and dissociation of the [U4/U6.U5]
tri-snRNP complex.

Interestingly, the U5 snRNP 116kD protein and its
yeast homologue, Snull4p, have been shown to be
structurally homologous to the ribosomal elongation
factor EF-2 and to contain a G domain with all of the
consensus elements (G1-G5) typical of GTPases (Fab-
rizio et al., 1997). U5-116kD was additionally shown to
bind GTP specifically and, in yeast, to be essential for
splicing. By analogy to the heterotrimeric G proteins,
the cyclical interaction of the U5 snRNP with U4/U6
to form the [U4/U6.U5] tri-snRNP complex could con-
ceivably be mediated by GTP-dependent interactions
between the U5-116kD and U4/U6-60kD proteins.
However, it is not clear presently whether splicing is
dependent upon the presence of GTP. Further, it is not
known whether the latter two proteins do indeed in-
teract with one another, and, if so, whether their in-
teraction is influenced by the binding of GTP to the
U5-116kD protein.

Because proteins containing WD repeats function in
numerous biological pathways other than signal trans-
duction and are present ubiquitously in many hetero-
meric protein complexes (Neer et al., 1994), the function
of this structural motif may simply be to mediate
protein-protein interactions. A number of protein-
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protein interactions involving Prp4p can be envisaged,
including those involving U5-specific proteins (e.g., as
described above), other components of the U4/U6
snRNP, or even non-snRNP splicing factors. Based on
their documented genetic interactions, Prp4p was pro-
posed initially to interact with Prp3p within the yeast
U4/U6 snRNP particle (Last et al., 1987; Hu et al,,
1994). Consistent with the involvement of WD re-
peats in such an interaction, a subset of WD repeat
mutations in Prp4p can be suppressed by overexpres-
sion of Prp3p (Hu et al., 1994). Recent studies using
the yeast two-hybrid system subsequently have con-
firmed that Prp4p and Prp3p interact with one an-
other (J. Banroques, pers. comm.). A number of assays,
including co-immunoprecipitation and the yeast two-
hybrid system, have been employed in an effort to
detect an interaction between the human U4/U6-60
and 90kD proteins. However, to date, no such inter-
action has been observed, suggesting that these two
proteins might behave differently in human com-
pared with yeast cells. Alternatively, it is conceivable
that the association of the 60 and 90kD proteins re-
quires the presence of one or more additional pro-
teins, which play an essential role in bridging a 60/
90kD protein interaction. Because the presence of low
molecular weight proteins in affinity-purified U4/U6
snRNPs was obscured by the large amounts of pep-
tide in the eluate (Fig. 3B), we cannot exclude that
such a protein (e.g., the 20 or 27kD tri-snRNP protein)
might be co-eluted from the anti-60kD affinity col-
umn together with the 60 and 90kD proteins.

The identification of the 60 and 90kD proteins as
constituents of the U4/U6 snRNP suggests that one or
both of these proteins interact either directly or indi-
rectly with the U4/U6 RNA. The noted similarity of a
region of the 90kD protein with a double-stranded RNA
binding motif (Fig. 8B) raises the interesting possi-
bility that it could interact directly with the U4/U6
snRNA. Alternatively, other components of the U4/U6
snRNP, such as the Sm proteins or additional, as yet
undetected, U4/U6 snRNP proteins could also act as
RNA binding proteins that help to recruit the 60 and
90kD proteins into the U4/U6 particle. Interestingly,
yeast antibodies directed against Prp4p were shown to
precipitate the 5 portion of the U4 snRNA, including
the conserved 5’ stem-loop structure (Bordonné et al.,
1990; Xu et al., 1990). However, it remains unclear
whether Prp4p binds directly to U4 or indirectly via
protein-protein interactions. A similar interaction be-
tween the 60kD protein and the HeLa U4/U6 snRNP
has not yet been demonstrated, but, based on the fact
that the general structure of the tri-snRNP is con-
served from yeast to man (Fabrizio et al., 1994), it is
expected that a number of similar protein-RNA and
protein-protein interactions will be found. Future in
vitro reconstitution experiments with recombinant 60
and 90kD protein, as well as additional purified pro-
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teins from the tri-snRNP complex, should help clarify
these questions.

MATERIALS AND METHODS

Isolation and microsequencing
of the 60 and 90kD proteins

Nuclear extracts were prepared from HeLa cells (Computer
Cell Culture Company, Mons, Belgium) according to Dig-
nam et al. (1983). Ul, U2, U4/U6, and U5 snRNPs were
purified from nuclear extracts at 250 mM NaCl by immuno-
affinity chromatography using the mAb H20 as described by
Laggerbauer et al. (1996). Preparative amounts of 20S U5
snRNPs or 255 [U4/U6.U5] tri-snRNPs were isolated by cen-
trifugation of the snRNP mixture on a 10-30% (w/w) glyc-
erol gradient according to Laggerbauer et al. (1996). Isolation
of snRNP proteins for microsequencing was performed as
described previously (Lauber et al., 1996). Partial amino acid
sequences of tryptic peptides from the 60 and 90kD proteins
were determined by microsequencing as described by Ae-
bersold et al. (1987).

Peptide sequences obtained from the 60kD protein were:

EEYQQTWYHEGPNSLK
APDDLVAPGNK
FEPIHGNFLLTGAYDNTAK
AGIEAGNINITSGEVFEIEEHISERQAEV
LAEFERRK.

60-1.pep
60-2.pep
60-3.pep
60-4.pep

Peptide sequences obtained from the 90kD protein, where
small letters represent an amino acid that could not be de-
termined unequivocally, were as follows:

90-1.pep
90-2.pep
90-3.pep
90-4.pep
90-5.pep

KFKQKPTENGr
HGAEHYWDLALSESVLES
REDYFGITNLVEHPAQLNPPVDNDTPVT
VFGDDSEISK

QAEIsqAar.

Database search

Database searches were performed on the NIH mailserver
using the TBLASTN and BLASTP programs (Altschul
et al., 1990). Several expressed sequence tags (ESTs) with
an open reading frame matching the partial peptide se-
quence 90-2.pep of the 90kD protein were retrieved. The
longest of these corresponded to the clone 646542 (Gen-
bank accession no. AA205409), which had been derived
from a human neuroepithelium c¢DNA library. An open
reading frame (ORF) derived from chromosome IV of S.
cerevisige (g927760; Genbank accession no. U33050) codes
for Prp3p, which is homologous to the 90kD protein. ORFs
derived from chromosome III of C. elegans (M03C11.7; Gen-
bank accession no. Z49128) and chromosome I of S. pombe
(21044928, Genbank accession no. Z66525) also code for
proteins that are homologous to the 90kD protein. No se-
quences were found matching the partial amino acid se-
quences obtained from the 60kD protein. However, a search
performed with the entire amino acid sequence of the 60kD
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protein revealed that it is homologous to the S. cerevisine
Prp4p (Genbank accession no. M28518).

cDNA cloning and sequencing

90kD Protein

The EST (Genbank accession no. AA205409) containing se-
quences complementary to the peptide 90-2.pep was se-
quenced in its entirety in both directions. Sequencing was
performed with an automated ABI 373 DNA sequencer (Ap-
plied Biosystems) using Taq polymerase and double-stranded
templates (PRISM Ready Reaction DyeDeoxy Terminator cy-
cle sequencing kit, Pharmacia).

60kD Protein

Degenerate oligonucleotides were designed from the partial
amino acid sequence of the tryptic peptide (60-3.pep). Re-
combinant phage from a HeLa ¢cDNA library (Lauber et al.,
1996) were screened on duplicate filters with *?P-end-labeled
oligonucleotides by standard procedures (Sambrook et al.,
1989). Positive phage were purified by two additional rounds
of screening. The 1.9-kb insert of one positive phage was
isolated and subcloned. Sequence analysis of this partial
c¢DNA was performed as described for the 90kD protein. For
isolation of 5’ end sequences missing from the partial 60kD
protein cDNA, a 5-RACE with reverse-transcribed HeLa
mRNA was performed with the following primers: 60GSP2,
5'-GTC CAG ATC TTG GCT GTG TT-3'; 60GSP3, 5'-GTG
ATG AAC CAG TGG CAG ATA TTG AAG G-3'; 60GSP4,
5'-CCC ATG GAT AGG CTC AAA CTT-3'. The resulting
2.7-kb DNA fragment was sequenced as described above.

In vitro transcription and translation

DNA fragments comprising the coding region of the 60kD
and the 90kD protein were isolated from the respective full-
length ¢cDNA by PCR. The resulting fragments were sub-
cloned into pBLSCRSK™ (60kD) or pGEMEX-1 (90kD)
(Stratagene) and linearized with BamH I or Sal I (New En-
gland Biolabs), respectively. The linearized plasmids were
used as templates for transcription with T3 (60kD) or SP6
(90kD) RNA polymerase. One microgram of each in vitro-
transcribed mRNA was translated with rabbit reticulocyte
lysate in the presence of [**S]-methionine (Amersham) in a
total volume of 75 uL as described by the manufacturer
(Promega Biotech). A 5-uL aliquot was analyzed by SDS-
PAGE on a 12% high-TEMED gel (Lehmeier et al., 1990). The
latter was treated subsequently with Amplify (Amersham)
and the proteins visualized by fluorography.

Antibody production and immunostaining

Antibodies were raised by immunization of New Zealand
White Rabbits with synthetic peptides as described previ-
ously (Lauber et al., 1996). Peptides used for immunization
included 60-4.pep (60kD) and 90-3.pep (90kD), as well as
ones derived from microsequencing of the 61 and 63kD pro-
teins. For western blot analysis, proteins were separated on
a 12% SDS-polyacrylamide gel, transferred to nitrocellulose,
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and immunostained as described previously (Lehmeier
et al., 1990).

Immunoaffinity chromatography
with anti-60kD antibodies

An anti-60kD immunoaffinity column was prepared by in-
cubating 1 mL of preswollen Protein A-Sepharose (Pharma-
cia) with 2 mL of anti-60kD serum. Bound antibodies were
coupled irreversibly to the matrix with dimethylpimelimi-
date as described by Harlow and Lane (1988). The antibody-
Protein A-Sepharose conjugate was transferred to a column,
washed three times with 10 bed volumes of PBS (20 mM
potassium phosphate and 130 mM NaCl, pH 8.0), and equil-
ibrated with 10 bed volumes of buffer W [20 mM HEPES/
KOH, pH 7.9, 150 mM KCl, 1.5 mM MgCl,, 0.5 mM DTE,
0.5 mM PMSE, 5% (v/v) glycerol]. Approximately 250 ug of
anti-m3G immunoaffinity-purfied snRNPs, in buffer W con-
taining 150-400 mM KClI (as indicated), were applied three
times to the column at a flow rate of 0.5 mL/h. The column
was washed subsequently with 20 bed volumes of buffer W.
Bound snRNPs were eluted with 4 bed volumes of buffer
containing an excess of competing peptide (2 mg of 60-4.pep
dissolved in 50 mL buffer W). The RNA and protein com-
position of the eluates were analyzed, after phenol/
chloroform extraction, by denaturing (7 M urea) or SDS-
PAGE, respectively.
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