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Nuclear RNA splicing occurs in an RNA–protein
complex, termed the spliceosome. U4/U6 snRNP is one
of four essential small nuclear ribonucleoprotein
(snRNP) particles (U1, U2, U5 and U4/U6) present in the
spliceosome. U4/U6 snRNP contains two snRNAs (U4
and U6) and a number of proteins. We report here the
identification and characterization of two human genes
encoding U4/U6-associated splicing factors, Hprp3p
and Hprp4p, respectively. Hprp3p is a 77 kDa protein,
which is homologous to the Saccharomyces cerevisiae
splicing factor Prp3p. Amino acid sequence analysis
revealed two putative homologues in Caenorhabditis
elegans and Schizosaccharomyces pombe. Polyclonal
antibodies against Hprp3p were generated with
His-tagged Hprp3p over-produced in Escherichia coli .
This splicing factor can co-immunoprecipitate with U4,
U6 and U5 snRNAs, suggesting that it is present in the
U4/U6·U5 tri-snRNP. Hprp4p is a 58 kDa protein
homologous to yeast splicing factor Prp4p. Like yeast
Prp4p, the human homologue contains repeats
homologous to the β-subunit of G-proteins. These
repeats are called WD repeats because there is a highly
conserved dipeptide of tryptophan and aspartic acid
present at the end of each repeat. The primary amino
acid sequence homology between human Hprp4p and
yeast Prp4p led to the discovery of two additional WD
repeats in yeast Prp4p. Structural homology between
these human and yeast splicing factors and the

β-subunit of G-proteins has been identified by
sequence-similarity comparison and analysis of the
protein folding by threading. Structural models of
Hprp4p and Prp4p with a seven-blade β-propeller
topology have been generated based on the structure
of β-transducin. Hprp3p and Hprp4p have been shown
to interact with each other and the first 100 amino acids
of Hprp3p are not essential for this interaction. These
experiments suggest that both Hprp3p and Hprp4p are
components of human spliceosomes. 

INTRODUCTION

Most eukaryotic genes contain intervening sequences or introns
that have to be excised from primary RNA transcripts to form
mature mRNA following transcription. This process of intron
removal, or pre-mRNA splicing, occurs on a dynamic
RNA–protein complex called the spliceosome, which contains a
pre-mRNA, four essential small nuclear ribonucleoprotein
(snRNP) particles (U1, U2, U5 and U4/U6), and many auxiliary
proteins (1–7). Each snRNP contains one snRNA, except U4/U6
snRNP, and about a dozen proteins. U4/U6 snRNP contains U4 and
U6 snRNAs in addition to the protein components. A spliceosome
is assembled through a series of RNA–RNA, RNA–protein and
protein–protein interactions that involve recognition of highly
conserved sequences of the pre-mRNA at the 5′ and 3′ splice-sites
and the branch site. During the early stages of spliceosome
assembly, the 5′ splice site is recognized by U1 snRNP through
base-pair interactions with U1 snRNA and the branch site is
recognized by U2 snRNP through base-pair interactions with U2
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snRNA (8–11). Before entering a spliceosome, U4 and U6
snRNAs interact with each other through complementary base-pair
interactions to form the U4/U6 snRNP. Following binding of U1
and U2 to the pre-mRNA, the U4/U6 snRNP enters the
spliceosome together with U5 snRNP as a U4/U6·U5 complex
(4,5). The U4/U6 snRNP undergoes a series of conformational
rearrangements during pre-mRNA splicing. For example, U4
snRNA dissociates from U6 snRNA after the tri-snRNP enters the
spliceosome (12–15) so that U2 snRNA can interact with U6 to
form the active spliceosome (9,16–18). Currently, little is known
about how these conformational rearrangements occur and what
triggers them. It is possible that some of the U4/U6-associated
proteins may facilitate or regulate these events.

In yeast, several U4/U6 snRNP-specific splicing factors have
been identified through genetic screening. These factors include
Prp4p (19,20), Prp3p (21), Prp6p (22) and Prp24p (23). Among
the known U4/U6 snRNP-associated proteins, yeast Prp4p is very
intriguing because not only is it required for maintaining the U4/U6
snRNP stability (24–26) but also for interaction with the U5
snRNP (27). The 54 kDa Prp4p can be divided into three domains:
N-terminal, central and C-terminal (26). The C-terminal domain
contains WD repeats similar to the β-subunit of G-proteins (28).
These repeats contain ∼40 amino acids with a number of amino
acids conserved, including a Trp-Asp dipeptide (the WD) at the end
of each repeat. They are also present in many proteins involved in
a variety of cellular functions (29). The structure of the β-subunit
of G proteins has been recently determined independently by two
groups and the WD repeats of the G-β have been shown to be
involved in interactions with the α- and γ-subunits (30,31). Thus,
the C-terminal domain of Prp4p may play a role in protein–protein
interactions within the U4/U6 snRNP and/or in conformational
rearrangements necessary for formation of the active spliceosome.

The mammalian U4/U6 snRNP-specific factors are relatively
less well characterized. We report here the identification and
characterization of two human splicing factors, Hprp3p and
Hprp4p. Hprp3p is a human homologue of the yeast
U4/U6-associated splicing factor, Prp3p. We have demonstrated
that Hprp3p is present in human U4/U6·U5 tri-snRNP and more
tightly associated with U4/U6 snRNP. Hprp4p is homologous to
the yeast U4/U6 associated protein, Prp4p. We have shown that
Hprp4p co-immunoprecipitates with Hprp3p and interacts with
Hprp3p in vitro. The sequence similarity between human Hprp4p
and yeast Prp4p led to the discovery of two additional WD repeats
in yeast Prp4p. We have shown that the WD domains of these two
proteins are likely folded into a seven-blade propeller structure
(30–32). These observations suggest that G-protein-like
interactions may be involved in U4/U6 snRNP conformation
rearrangements.

RESULTS

Isolation of full size cDNA clones

Two human cDNA clones encoding U4/U6-associated splicing
factors were isolated by cDNA library screening (see Materials
and Methods), and the complete nucleotide sequences of the
cDNAs determined. One of the clones codes for a protein of 682
amino acids (GenBank accession no. AF001947) with a predicted
molecular mass of 77 kDa and the gene is named HPRP3 because
it is homologous to the yeast PRP3 gene (Fig. 1). In addition to
Prp3p of Saccharomyces cerevisiae, the amino acid sequences of

two other homologues from Schizosaccharomyces pombe and
Caenorhabditis elegans were accessible in GenBank although the
identity and function of these genes were not reported. The
alignment of amino acid sequences of the human protein and its
homologues in S.cerevisiae, S.pombe, and C.elegans (Fig. 1)
shows that the C-terminal portion of the sequence is highly
conserved whereas the N-terminal portion is not well conserved.
The amino acid sequence of the human protein, when directly
compared with each of the other three, shows 64% overall amino
acid sequence similarity with the C.elegans protein, 62% with the
S.pombe protein and 55% with S.cerevisiae Prp3p when gaps are
not taken into consideration. There is a stretch of amino acids
between positions 76 and 110 rich in serine and positively charged
amino acids, and it is not known whether any of the serine
residues in this segment are phosphorylated by SR kinase (9).

The other clone encodes 520 amino acids (GenBank accession
no. U82756) with 60% overall similarity to the entire yeast Prp4p
(Fig. 2) and its predicted molecular mass, 58 kDa, is consistent
with the apparent molecular weight of the protein in HeLa cells
detected by antibodies (Fig. 5), and the gene product expressed
in Escherichia coli (data not shown). Based on its sequence
homology to yeast Prp4p and its structural homology to
β-transducin proteins (described below), Hprp4p can be divided
into three domains as well: N-terminal (aa 1–164), central (aa
165–218) and C-terminal (aa 219–520). Compared with yeast
Prp4p, additional amino acids are present in the N-terminal region
of human Hprp4p. Since the N-terminal domain of yeast Prp4p
is not critical for splicing (26), this difference is not surprising. In
addition, an amino acid sequence near the end of the N-terminal
domain (aa 145–158) which appears to be a nuclear localization
signal (33) is not conserved in yeast Prp4p.

Immunoblot analysis of Hprp3p

Hprp3p over-expressed in E.coli was purified to at least 95%
homogeneity and used for antibody production in rabbits. We
noticed that although the predicted molecular mass of Hprp3p is
77 kDa, the protein produced in E.coli migrated like a 90 kDa
protein in SDS-PAGE (data not shown). This cannot be attributed
to a sequencing error because the whole cDNA sequence,
including the poly(A) tail, was determined and the coding
sequence does not have the capacity to encode a 90 kDa protein.
It is likely that the slow migration in gels of Hprp3p produced in
E.coli might be due to the positive charge of the protein (its
predicted isoelectric point is ∼9.9). Since human proteins with
molecular masses of 60 and 90 kDa have been reported to be
associated with U4/U6 snRNP, it is possible that Hprp3p is the 90
kDa protein detected in human spliceosomes (34,35). However,
it is equally plausible that Hprp3p may have posttranslational
modifications in mammalian cells and migrate quite differently
in SDS gels from the protein expressed in E.coli. Since we have
generated antibodies against Hprp3p, this question can be
resolved by western blot analysis.

To examine the molecular masses of Hprp3p expressed in
E.coli and in human cells, we used western blot with anti-Hprp3p
antibodies to probe proteins in extracts from HeLa cells and from
E.coli cells containing pETHR3-d or pETHR3. To reduce the
background in western blots, acetone powder (from rat liver) was
prepared according to a standard protocol (36) to absorb
non-specific antibodies present in anti-Hprp3p serum and in
pre-immune serum. As shown in Figure 3, a protein band close
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Figure 1. Sequence alignment of Hprp3p and its homologues. The alignment was carried out with the computer program CLUSTAL V. The origins of the proteins
are indicated on the left: Hu, human; Ce, C.elegans; Sp, S.pombe; and Sc, S.cerevisiae. The numerical position of the last amino acid in each row is indicated on the
right. Gaps are represented by dashes. The identical and conserved amino acid residues are marked by asterisks and periods, respectively, under the corresponding
positions. The underlined amino acid residues correspond to the positions of PCR primers.
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Figure 2. Amino acid sequence alignment of human Hprp4p and yeast Prp4p.
The amino acid sequences of Hprp4p and Prp4p were aligned with computer
program, CLUSTAL V, with default settings. The identical and conserved
amino acid residues are marked by asterisks and periods, respectively, under the
corresponding positions. The numerical position of the last amino acid in each
row are indicated on the right. Gaps are represented by dashes. The putative
nuclear localization sequences in human Hprp4p are underlined.

to 90 kDa was detected in HeLa nuclear extracts by the
anti-Hprp3p serum (lane 1 of the left panel); a similar size protein
band was also detected in extracts from E.coli cells expressing the
full size Hprp3p protein (lane 3 of the left panel). As expected, a
slightly smaller protein band was detected when a deleted version
of Hprp3p was expressed in E.coli (lane 2 of the left panel).
Multiple protein bands below the 68 kDa marker in lane 2 are
likely due to protein degradation. The acetone liver powder
absorbed pre-immune serum did not detect any specific protein
bands (Fig. 3, right panel). These observations suggest that
Hprp3p present in HeLa cells has a gel mobility similar to the
protein produced in E.coli and its estimated molecular mass in
SDS gels is larger than its predicted molecular mass of 77 kDa.

Association of Hprp3p with snRNAs

To determine whether Hprp3p is associated with U4/U6 snRNP or
U4/U6·U5 tri-snRNP, immunoprecipitation was performed with
anti-Hprp3p antiserum. The snRNAs co-immunoprecipitated by
anti-Hprp3p antibodies were then analyzed by primer extension. We
included a U1 primer in the primer extension analysis because
normally free U1 snRNP does not associate with U4/U6 snRNP and
it can serve as an internal, negative control for specificity of the
immunoprecipitation. The U4 primer was used to probe for the
presence of U4 and U6 snRNAs because normally U4 snRNAs are
associated with U6 snRNAs. To verify that the primers used can
yield extension products with expected sizes, (80 bases for U1, 98
for U5 and 109 for U4), total nuclear RNAs were isolated and tested

Figure 3. Immunodetection of Hprp3p in HeLa cell nuclear extract or
expressed in E.coli cells. Cell extracts were separated in 8% SDS-PAGE and
immunoblotted with polyclonal rabbit antibodies against Hprp3p. The source
of the proteins is indicated on top of each lane: HeLa, 1 µl of HeLa cell nuclear
extract; HR3-d, cell pellet from 20 µl E.coli expressing a version of His-tagged
Hprp3p with its first 100 amino acids deleted; HR3, cell pellet from 20 µl E.coli
expressing a full size Hprp3p with a His-tag. The molecular weight markers are
indicated on the right.

Figure 4. Co-immunoprecipitation of Hprp3p with snRNAs. (a) Primer extension
analysis of the snRNAs present in the immunoprecipitates. Immunoprecipitation
was performed as described in Materials and Methods. Total nuclear RNAs (left
panel) or RNAs extracted from the immunoprecipitates (right panel) were subject
to primer extension analysis. A combination of U1, U4 and U5 primers (lanes 1,
5 and 6) or individual primers for U1 (lane 2), U4 (lane 3) and U5 (lane 4) were
used in the analysis. Pre, preimmune serum; Im, anti-Hprp3p serum. Because the
annealing conditions for different primers are likely to be different, the primer
extension described here can only be used as a qualitative, rather than quantitative
measurement. (b) Northern blot analysis of the snRNA present in the immunopre-
cipitates. Total nuclear RNA (lane 1) or RNAs recovered from immunoprecipita-
tion with anti-Hprp3p antibodies under normal conditions (lane 2), or in the
presence of high salt (500 mM NaCl) and high detergent (0.5% NP-40)
concentrations (lane 3), or with preimmune serum (lane 4), were subject to
northern blot analysis with DIG-labeled probes of U1, U2, U4, U5 and U6 snRNAs
(see Materials and Methods for details). The low intensity of U4 and U5 snRNAs
(lanes 1 and 2) is due to uneven probe concentrations in the hybridization mixture.
The migration positions of U1 (164 nt), U2 (187 nt), U4 (145 nt), U5 (116 nt) and
U6 (106 nt) are indicated on the left.

a b

with primer extension. As shown in the left panel of Figure 4a, a
combination of U1, U4 and U5 primers (lane 1) or individual
primers (lanes 2–4) yielded correct primer extension products. The
snRNAs from the immunoprecipitates were then analyzed with
triple primers (U1, U4 and U5) by primer extension analysis. As
shown in the right panel, U4 and U5 snRNA, but not U1 snRNA,
were co-immunoprecipitated with Hprp3p by anti-Hprp3p serum
(lane 6). Pre-immune serum from the same rabbit did not precipitate
any one of the three snRNAs (lane 5). 

Because our available U6 primer suitable for primer extension
yields a similar size extension product as the U5 primer, we
performed a northern blot analysis on the RNAs present in the
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Figure 5. Immunodetection of Hprp4p in the Hprp3p complex. Immuno-
precipitation was performed with polyclonal antibodies to Hprp3p (lanes 2 and 5)
or preimmune serum from the same rabbit (lanes 3 and 6). The immunoprecipitates
were fractionated on 7% SDS-PAGE. As a control, HeLa nuclear extracts (lanes
1 and 4) were loaded in the same gel. Proteins were transferred to a nitrocellulose
filter and probed for the presence of Hprp4p with chicken antibodies against the
protein (right) or preimmune IgYs from the same hen (left). The molecular markers
are indicated on the right. The arrow points to Hprp4p detected by chicken
antibodies against the protein, and the non-specific protein band indicated by an
asterisk was contributed by the rabbit sera.

immunoprecipitates and confirmed that U4, U5 and U6, but not
U1 and U2, snRNAs are present in the same complex precipitated
by anti-Hprp3p antibodies (Fig. 4b, lane 2). U5 snRNA was
absent in the complex when more stringent washing conditions
were used (Fig. 4b, lane 3) and pre-immune serum did not
precipitate any snRNA. These observations are consistent with
the results of our primer extension analysis (Fig. 4a) and suggest
that Hprp3p is present in U4/U6·U5 tri-snRNP and more tightly
associated with U4/U6 snRNP.

Association of Hprp4p with Hprp3p

Since yeast Prp4p is an integral part of the U4/U6 snRNP (19,20),
the human homologue, Hprp4p, is also expected to be associated
with U4 and U6 snRNAs. To determine whether Hprp4p is
associated with U4/U6 snRNP, we precipitated the Hprp3p
complex with polyclonal antibodies against Hprp3p and probed
the immunocomplex for the presence of Hprp4p with chicken
antibodies to Hprp4p. As shown in Figure 5, a protein of ∼58 kDa
was detected with anti-Hprp4p antibodies in HeLa nuclear
extracts (lane 4), and in immunocomplexes precipitated with
antibodies against Hprp3p (lane 5), but not with pre-immune
serum from the same rabbit (lane 6). This 58 kDa protein was not
detected in HeLa nuclear extracts (lane 1) or immunocomplexes
(lanes 2 and 3) with pre-immune chicken IgYs. The strong
non-specific signal in lanes 2, 3, 5 and 6 was contributed by rabbit
sera. These observations suggest that Hprp4p is associated with
Hprp3p as a component of human U4/U6·U5 tri-snRNP and they
are consistent with our finding that Hprp3p produced in E.coli
interacts with Hprp4p in HeLa nuclear extracts (see below).

Hprp3p interacts with Hprp4p present in HeLa cell
nuclear extracts

As a first step to probe the interactions in human U4/U6 snRNP,
we examined whether Hprp3p produced in E.coli can interact
with Hprp4p present in HeLa cell nuclear extracts. Hprp3p
affinity beads were generated (see Materials and Methods) by
binding His-tagged Hprp3p or Hprp3p-d in E.coli extracts to
Ni-NTA resin (Qiagen Inc.). As a control, one aliquot of Ni-NTA
resin was also mixed with extracts from E.coli cells harboring the
vector plasmid, pET28a, and washed in the same way. The
protein-affinity beads, or control beads, were then mixed with
HeLa cell nuclear extracts and washed. As shown in Figure 6,

Figure 6. Interaction of Hprp3p with Hprp4p present in HeLa cell nuclear
extract. To assess the antibody specificity under the immunoblotting conditions,
HeLa cell nuclear extracts were separated on SDS-PAGE and probed directly
with anti-Hprp4p IgY (lane 1) or preimmune IgY (lane 2). Ni-NTA resin was
mixed with extracts from E.coli cells expressing the full size Hprp3p (lanes 4,
5, 9 and 10) or truncated Hprp3p (6, 7, 11 and 12) and washed extensively with
buffer (see Materials and Methods). To assess the non-specific background
from E.coli encoded proteins, a portion of Ni-NTA resin was mixed with
extracts of E.coli cells containing only the vector plasmid, pET28a (lanes 3 and
8) and washed in the same way. A portion of each batch of the washed beads
(lanes 4, 6, 9 and 11) was then mixed with HeLa nuclear extracts and washed
again with a buffer containing 500 mM NaCl. The rest of the protein affinity
beads were saved for comparison (lanes 5, 7, 10 and 12). Proteins from each
sample were separated on 8% SDS-PAGE and probed with anti-Hprp4p IgY or
preimmune IgY.

anti-Hprp4p chicken antibodies reacted with Hprp4p in HeLa
nuclear extracts (lane 1) while pre-immune chicken IgY from the
same hen did not show any non-specific interaction (lane 2). With
anti-Hprp4p antibodies, the Hprp3p affinity beads (lane 4), but
not the control beads (lane 3) were shown to interact with Hprp4p.
The anti-Hprp4p IgY did not cross-react with Hprp3p or any
residual E.coli proteins bound to Ni beads (lane 5) and
pre-immune IgY did not show any non-specific interaction (lanes
8, 9 and 10). These observations suggest that Hprp3p produced
in E.coli can interact (directly or indirectly) with Hprp4p in HeLa
cell nuclear extracts, and are consistent with the previous findings
that the yeast U4/U6 associated splicing factors Prp3p and Prp4p
genetically interact with each other (21,26). 

The sequence alignment (Fig. 1) showed that the C-terminal
part, but not the N-terminal part, of Hprp3p is highly conserved.
To examine whether the first 100 amino acids of Hprp3p are
required for the Hprp3p–Hprp4p interaction, we used a deleted
version of Hprp3p in the analysis. As shown in Figure 6 (lane 6),
the truncated Hprp3p with the first 100 amino acids deleted was
also found to interact with Hprp4p.

The seven WD repeats of Hprp4p

Yeast Prp4p was the first splicing factor found to contain WD
repeats and five such repeats were initially detected (28).
However, when the amino acid sequence of the human splicing
factor, Hprp4, is aligned with that of bovine G-β, seven WD
repeats can be identified. More than 50% overall amino acid
similarity was observed between the last two domains of human
Hprp4p (aa 165–520) and the bovine G-β by using the PILEUP
program (within the GCG Wisconsin Package). Interestingly,
some of the highly conserved amino acids in β-transducins
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Figure 7. Alignment of the WD repeats of β-transducin, Hprp4p and Prp4p
based on the structural homology detected by THREADER (provided by David
Jones) and primary sequence homology revealed by the PILEUP program
(within the GCG Wisconsin Package). The amino acid residues in the WD
domain of yeast Prp4p corresponding to the single-point mutations that confer
lethal or conditional-lethal growth phenotype are also underlined. The residues
corresponding to the last two amino acids for each repeat (WD), are in bold.
Gaps are represented by periods. The numerical position of the last amino acid
in each row is indicated on the right. The arrows at the bottom represent the
relative positions of the four β-strands, A, B, C and D, identified in each WD
repeat of the β-subunit of G protein (31).

(30,31) can be easily identified in Hprp4p (Fig. 7), indicating that
the WD domain of Hprp4p may share a similar structure. Further
analysis of yeast Prp4p also revealed two additional putative WD
repeats (repeats 1 and 2), although the first repeat is much less
conserved (Fig. 7). The presence of seven putative WD repeats in
these splicing factors led us to carry out threading analysis and
molecular modeling studies of these two proteins.

Threading and molecular modeling

We used the program THREADER written by David Jones (37)
to confirm the structural homology of Hprp4p and Prp4p to the
topology of β-transducin. Compared with one-dimensional
sequence alignment, the threading method utilizes
tertiary-structural information contained in the pairwise energy
potentials. We added to the default fold library three coordinate
sets derived from recent X-ray crystal structures of the β-subunit
of the G-protein which has a β-propeller fold with seven propeller
blades. As shown in Table 1, these coordinates of the G-β were
taken from structures of the transducin αβγ trimer (31,32), and a
structure of the transducin βγ dimer (30). Sequences from the
C-terminal regions of human Hprp4p (aa 212–520) and yeast
Prp4p (aa 159–465), both of which have WD sequence motifs
(28), were threaded using default gap penalties. The
THREADER alignment of the Hprp4p and Prp4p sequences with
the β-transducin yielded significant pairwise Z-scores with all
three coordinate sets (Table 1), while all other folds in the library
gave Z-scores of –3.0 or above. An alignment of the sequences
using the PILEUP program (within the GCG Wisconsin
Package), with some small manual adjustments to align the
conserved residues involved in WD-motif stabilizing
interactions, revealed ∼25% sequence identity and almost 50%

similarity among the three proteins. In this alignment (Fig. 7), the
interactions between the structurally significant His, Ser/Thr, Asp
and Trp residues are reasonably well-conserved, with complete
conservation in WD repeats 3, 4, 5 and 7. There are substitutions
of these conserved residues in all three proteins. For example,
substitution of Trp in conserved WD positions of yeast Prp4p for
Leu in repeat 1, Phe in repeat 2 and Tyr in repeat 6, are observed;
it is not immediately clear what the analogous residue is for the
His in repeat 1.

Based on this adjusted sequence alignment, we constructed a
homology model of the C-terminal regions of Hprp4p and Prp4p
using the program MODELLER (38). Figure 8a and c illustrates
the overall topology of the models for Hprp4p and Prp4p WD
domains, demonstrating the seven-blade β-propeller fold. The
conserved interactions between the His, Ser/Thr, Asp and Trp for
WD motifs are illustrated for repeat 5 of Hprp4p in Figure 8b.
With the insights gained from this model, we are now able to
better interpret the results from our previous mutational analysis
of yeast Prp4p (26) and to design experiments to study the
relationship between the structure and function of these splicing
factors (see Discussion).

Table 1. Threading pairwise energy Z-scores of WD splicing factors with
β-transducin

Structure 1 Structure 2 Structure 3

Hprp4p –4.29 –3.81 –3.39

Prp4p –4.79 –5.40 –4.90

Structure 1, coordinates from Wall et al. (31); structure 2, coordinates from
Lambright et al. (32); structure 3, coordinates from Sondek et al. (30).

DISCUSSION

Two human genes, HPRP3 and HPRP4, encoding U4/U6
snRNP-associated splicing factors, Hprp3p and Hprp4p, have
been isolated and mapped to chromosomes 1q21.2 and 9q31–33,
respectively (data not shown). Hprp3p is, in general, a well-
conserved splicing factor, especially at its C-terminal part which
is highly conserved among Homo sapiens, C.elegans, S.pombe
and S.cerevisiae. Yeast Prp3p is much smaller than its
homologues in human and C.elegans (Fig. 1) and it is not clear
whether this reflects the difference in complexity of the splicing
systems of different organisms.

Two proteins with apparent molecular masses of 60 and 90 kDa
have been found in human U4/U6 snRNP (34,35). The 90 kDa
protein is likely to be Hprp3p (77 kDa). The discrepancy between
the molecular mass reported previously and that predicted from
the Hprp3p coding sequence can be attributed, at least partially,
to the highly positive charge; its value of predicted isoelectric
point (IP) is ∼9.99.

Hprp3p co-immunoprecipitates with U4, U6 and U5 snRNAs,
suggesting it is the functional homologue of yeast Prp3p which
is essential for RNA splicing. Mutations in the yeast PRP3 or
PRP4 gene have been shown to block RNA splicing (19–21,39)
and cause U6 snRNA instability (24–26), suggesting both Prp3p
and Prp4p play a critical role in RNA splicing. Genetic evidence
indicates that Prp3p and Prp4p interact with each other. For
example, a temperature sensitive mutation (prp3-1) of the PRP3
gene can be suppressed by the presence of extra copies of the
wild-type PRP4 gene (21,26), and a double mutant of prp4-1 and



2123

Nucleic Acids Research, 1994, Vol. 22, No. 1Human Molecular Genetics, 1997, Vol. 6, No. 122123

Figure 8. Proposed molecular structures of the WD domains of Hprp4p and Prp4p. (a) Ribbon model of the WD domain of human Hprp4p. (b) The conserved
interactions among the His, Ser/Thr, Asp and Trp for WD repeat 5. (c) Ribbon model of the WD domain of yeast Prp4p.

prp3-1 is (synthetic) lethal (40) while both of the single mutants
are viable at 25�C. Our observation of Hprp3p and Hprp4p
interaction is consistent with these findings reported in yeast.

The human WD protein, Hprp4p, described here is the first
identified homologue of the yeast U4/U6 snRNA-associated
splicing factor Prp4p. Hprp4p can also be divided into three
domains: the N-terminal domain containing the first 164 amino
acids, which corresponds to the first 108 amino acids of the yeast
Prp4p; the central domain spanning amino acid residues
165–218; and the C-terminal domain containing amino acid
residues 219–520. It has been shown by mutational analysis that
the central and the C-terminal domains of yeast Prp4p are
essential for splicing and cell growth, while the N-terminal part
is not essential (26). This is also reflected in the sequence
similarities of these two proteins, since the only region of low
conservation between these proteins is the N-terminus (Fig. 2).
Although the strong amino acid sequence similarity alone is not
enough to suggest that Hprp4p is involved in RNA splicing, its
association with Hprp3p and snRNAs suggest that it is likely to
be the 60 kDa splicing factor in the human U4/U6 snRNP (34,35).

Since the N-terminal domain of yeast Prp4p is not required
when yeast cells are grown at 30�C (26), the relatively less
conserved N-terminal domain of human Hprp4p may not be
required for splicing, although it cannot be ruled out that this
domain might be involved in regulation of splicing efficiency. In
addition, it may be required for nuclear localization because the
amino acid sequences, RRERLR and KKTKK, which reflect
typical nuclear localization signal (NLS) sequences (33), are
present in this domain between amino acid residues 128 and 150
(Fig. 2). Similarly, the non-typical NLS, RRIR (33), can be found
in the same domain of yeast Prp4p. However, this suggestion is
difficult to reconcile with the observation that the N-terminal
domain of yeast Prp4p is not required for cell growth at 30�C.
However, deletion of the N-terminal domain reduces the size of
Prp4 significantly and the truncated protein may be able to diffuse
freely into the nucleus.

The C-terminal or WD domain of human Hprp4p is highly
homologous to that of yeast Prp4p. When the yeast PRP4 gene
was first sequenced, only the C-terminal five WD repeats were
identified (28). We have shown here that the yeast protein actually
contains seven WD repeats. The WD domain of yeast Prp4p has

been shown to be critical for splicing because many lethal and
conditional-lethal mutations are mapped in this domain (26). The
proposed structural models enable an explanation of the results of
our previous mutational analysis (26). For example, the lethal and
conditional-lethal mutations of the yeast PRP4 gene can be
divided into two classes (see the residues underlined in Fig. 7).
One class resides in positions known to be involved in maintain-
ing the seven-blade propeller-structure. As indicated in Figure 7,
these mutations affect the residues corresponding to the highly
conserved Gly-His, or Asp and Trp-Asp positions (30,31). The
second class resides on the turns between β-strands A and B (Fig.
7). Since these residues are surface-accessible, they could be
involved in intermolecular interactions. In fact, one of the
mutations, S320F, in repeat 4 has been found to affect its
interaction with another splicing factor, Prp3p (unpublished
results). The corresponding amino acid residue in Hprp4p, as well
as those near this position, is also highly conserved compared
with yeast Prp4p (Figs 2 and 7). Based on the sequence similarity
to yeast Prp4p and structural homology to β-transducin, it is
possible that the WD domain of human Hprp4p plays an
important role in RNA splicing through its interactions with other
splicing factors. These interactions might be important in
recycling U4 snRNAs because mutations in the WD domain of
yeast Prp4p inhibit the departure of U4 snRNA from the
spliceosome and block the spliceosome activation (41). Currently
it is not clear whether G α- and γ-like subunits are present in
spliceosomes. However, the finding of the brain acetylhydrolase,
a member of the phospholipase A2 superfamily with an unusual
G-protein-like (α1/α2)β trimer (42) suggests that Hprp4p and
Prp4p may form G protein-like complexes and the protein–pro-
tein interactions in these G-protein-like complexes may play an
important role in regulation of conformation rearrangements in
U4/U6 snRNP. The co-immunoprecipitaion of Hprp4p with
Hprp3p and their interaction in vitro suggest that these two
proteins are present in the same complex, U4/U6·U5 tri-snRNP,
perhaps more tightly associated with U4/U6 snRNP (Fig. 4). It is
currently unclear whether the interaction of Hprp3p and Hprp4p
is direct or indirect and whether the WD domain of Hprp4p is
involved in this interaction. However, it is clear that the
interaction is very strong because it is stable in the presence of 500
mM NaCl (Fig. 5). Our future experiments will be aimed at
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characterization of their interactions and the relevance of their
interaction to pre-mRNA splicing.

MATERIALS AND METHODS

Isolation of human Hprp3 cDNA clones

The GenBank non-redundant DNA sequence database was searched
for sequences similar to yeast Prp3p at the amino acid level using the
computer program, tblastn, which translates the DNA sequence
database dynamically in all six reading frames (43). Sequences
similar to yeast Prp3p were retrieved from GenBank and multiple
sequence alignments were performed with CLUSTAL V (44). To
isolate a full size cDNA clone encoding the human homologue of
yeast Prp3p, we generated a 700 bp cDNA probe using PCR, based
on the sequence homology among yeast Prp3p, its putative
homologues in S.pombe (accession no. Z66525), and C.elegans
(accession no. Z49128), and a partially sequenced human cDNA
clone (accession no. T65920). We designed two primers (see Fig. 1
for the relative positions of the primers) for PCR amplification: a
degenerate oligo, HR3DG (5′-AGGGATCCNRAYATH-
GARTGGTGG-3′ where N = any nucleotide, R = purine, Y =
pyrimidine, H = mixture of A, C and T) and a standard DNA oligo,
HR3-2 (5′-TTCCTCATCAGACTCCTCATCATC-3′). This degen-
erate primer was derived from a stretch of conserved amino acids
between S.pombe and C.elegans that contains two tryptophan
residues (Fig. 1). The unique primer, HR3-2, was designed based on
a short stretch of known sequence of the human cDNA clone. A
human cDNA library (a gift from Dr Johanna Rommens at HSC,
Toronto) was screened with the DNA probe labeled with digoxige-
nin-11-dUTP (Boehringer Mannheim). The nucleic acid hybridiza-
tion was performed as recommended by the manufacturer. Among
more than 106 λ phage plaques screened, ∼60 showed strong
hybridization signals. Six positive isolates were purified and
converted into plasmid clones in E.coli SOLR (Stratagene); these
plasmids were named, pHR3-1, pHR3-2, pHR3-3, pHR3-4,
pHR3-5 and pHR3-6. The complete sequence of the insert from
pHR3-1 was determined on both strands by the dideoxy chain
termination method using a T7 DNA Sequencing Kit (Pharmacia)
under conditions recommended by the manufacturer. A portion of
DNA sequence was determined by ACGT Corp. (Toronto) with an
automated DNA Sequencing System (LI-COR, model 4000L).
Other primers used in this study are: HR3-1, 5′-CGAAGG-
TAGTTGCCCACGTCAGAG-3′; HR3-3, 5′-CCTCTTCATGCG-
CTTTCTGTC-3′; HR3-4, 5′-TCTGTAACATCAAAGCCATTG-
3′; HR3-5, 5′GGCTTTCAGAGTAGGCATGCG-3′; HR3-6,
5′-GATGATTCTACTCTCCGATT-3′; HR3-7, 5′-GGTACAGC-
CAAAGACCGGAGC-3′; HR3-NHE, 5′-CTAGCTAGCATGG-
CACTGTCAAAGAGGGAG-3′; HU1a, 5′-TGTCCTCGGAT-
AGAGGACGTATCAG-3′; HU4-2, 5′-CGACTATATTTCAA-
GTCGTCATGGC-3′; U5a, 5′-GCTCAAAAAATTGGGTTAAG-
ACTCAG-3′; U6a, 5′-CACGAATTTGCGTGTCATCCTTG-
CG-3′

Isolation of Hprp4 cDNA clones

We found that a human cDNA clone (34872) partially sequenced
by the Human Genome Center (Lawrence Livermore National
Lab, Livermore, CA, USA) shares significant homology at the
amino acid level with the C-terminal WD repeat-containing
domain of yeast Prp4p. Since WD repeats are present in many
other proteins, it was not clear whether this clone, containing only

a small portion of the 3′ coding region including the WD repeats,
really encodes the human homologue of the yeast Prp4p. A full
size cDNA clone was isolated by screening the same cDNA
library as mentioned above with a 500 bp NsiI fragment from the
clone 34872 DNA as a probe. Among more than 106 λ phage
plaques screened, ∼50 showed strong hybridization signals.
Twelve positive isolates were purified and converted into plasmid
clones in E.coli SOLR (Stratagene). The full sequence of the
coding region in one plasmid, pAW-1, was determined on both
strands by the dideoxy chain termination method using a T7 DNA
Sequencing Kit (Pharmacia) and oligonucleotide primers
(ACGT, Corp., Toronto) under conditions recommended by the
manufacturer.

Overproduction and purification of His-tagged Hprp3p
and Hprp4p

To construct a plasmid that expresses His-tagged Hprp3p, an NheI
restriction site was introduced to the 5′ non-translated region of
Hprp3p cDNA. This was done by swapping the 5′ portion of
Hprp3p cDNA in pHR3-1 with a DNA fragment generated by
PCR, containing an NheI site introduced by the 5′ PCR primer.
This plasmid, pHR3NHE, is the same as pHR3-1, except for an
NheI site present in front of the first ATG codon. The Hprp3
coding region was excised as an NheI–XhoI fragment and cloned
into pET28a (Novagen) between the NheI and XhoI sites. This
plasmid, pETHR3, contains a His-tag in front of the Hprp3p
coding region. A deletion construct was generated by taking a
BglII–XhoI fragment from pHR3-1 and inserting it, in frame, into
pET28a between BamHI and XhoI sites. The resulting plasmid
was named pETHR3-d. For protein production, pETHR3 or
pETHR3-d was introduced into E.coli BL21(DE3). The trans-
formed E.coli cells were grown in LB-medium containing
25 µg/ml kanamycin and induced for 6 h with 2 mM isopropyl-
thiogalactoside (IPTG). His-tagged Hprp3p was purified with
Ni-NTA resin (Qiagen Inc.) under native conditions as suggested
by the manufacturer. The His-tagged Hprp3p is soluble in E.coli
and 1 mg of purified protein can be obtained from one liter of
E.coli cells.

The Hprp4p coding region was amplified from pAW-1 for 25
cycles by PCR with Pfu polymerase (Stratagene) and inserted into
pET28a (Novagen) between BamHI and SalI sites. The BamHI and
SalI restriction sites in the insert were introduced from the PCR
primers (HuR4Bam, 5′-CGGGATCCATGGGCGGCCGCG-
CTTCCTCGCGAGCCTCTTCC-3′; HUR4SalI, 5′-TTGACGTC-
GACTACTTACCTATTCAGCCATCCACAGCTT-3′). This
Hprp4p expression plasmid, pETHR4, was introduced in E.coli
BL21 (DE3) and the transformed cells were induced as described
above. His-tagged Hprp4p was purified with Ni-NTA resin (Qiagen
Inc.) under denaturing conditions according to the protocol
provided by the manufacturer.

Antibody production and purification

To generate polyclonal antibodies against Hprp3p, 500 µg of
purified antigen was injected subcutaneously into each of two
rabbits. The rabbits were boosted with the same amount of
antigen at 1 month intervals. Pre-immune sera and serum samples
were collected 2 weeks after each injection and tested by western
blot to monitor antibody production. After the second boost
injection one rabbit produced high titer antibodies against
Hprp3p. Both rabbits were sacrificed and the sera were collected
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2 weeks after the third boost injection. Serum processing was
carried out as described (45).

To produce chicken antibodies against Hprp4p, purified
Hprp4p was resuspended in PBS at 1 mg/ml. An aliquot of the
protein suspension (500 µl) was emulsified with an equal volume
of complete Freund’s adjuvant (Difco, Detroit, MI). The sonified
suspension was injected into two egg-laying hens at two sites in
the pectoral muscle (46). The hens were boosted twice at 12 day
intervals. The eggs were collected daily prior to and after the first
injection and stored at 4�C. Extraction and purification of
antibodies were carried out with the IgY preparation Kit, Gamma
Yolk (Pharmacia) under the conditions recommended by the
manufacturer.

Analysis of snRNA and Hprp4p in the
immunoprecipitated complex

HeLa nuclear extracts were prepared from cell suspension culture
according to a protocol previously described by Dignam et al. (47)
and modified by Lee and Green (48). Immmunoprecipitation was
performed as described by Pino-Roma et al. (49) except that rabbit
polyclonal antibodies against Hprp3p were used, instead of
monoclonal antibodies. Under these conditions, the Hprp3p was
precipitated together with U4/U6·U5 tri-snRNP. Immuno-
precipitation was also carried out in the presence of 500 mM NaCl
and 0.5% NP-40 to dissociate U5 snRNP from U4/U6 snRNP. The
presence of snRNAs in the complexes was analyzed by primer
extension analysis (50) or by northern blot analysis with RNA
probes labeled with digoxigenin (DIG). For northern blot analysis,
the RNA probes were generated by in vitro transcription of
linearized plasmids, pSPU1, pSPU2, pSPU4, pSPU5, pT7U6 (gifts
from the Steitz’s group at Yale University) containing human U1,
U2, U4, U5 and U6 snRNA sequences, respectively, using SP6
RNA polymerase in the presence of digoxigenin-11-UTP. Plasmids,
pSPU1, pSPU2, pSPU4 and pSPU5 were linearized by HindIII
digestion and pT7U6 was linearized by digestion with EcoRI. The
conditions for in vitro transcription as well as for subsequent nucleic
acid hybridization were described in detail in the DIG System User’s
Guide from Boehringer Mannheim.

For Hprp4p detection, the immunoprecipitates were
resuspended in SDS-PAGE loading buffer and separated on 7%
SDS-PAGE. The proteins were then transferred to a nitrocellulose
membrane (BioRad) in a semi-dry-blot apparatus (BioRad). The
presence of Hprp4p in the immunocomplexes was detected by
using anti-Hprp4 IgY (see above). The secondary antibody
(Zymed Laboratories, Inc.) and the enhanced chemiluminescent
(ECL) reagents (Amersham) were used under the conditions
recommended by the manufacturers.

Protein affinity chromatography

Ni-NTA resin (100 µl) was mixed for 1 h at 4�C with extracts of
50 ml IPTG-induced E.coli cells containing the expression
plasmids pETHR3 or pETHR3-d. As a control, 50 µl Ni-NTA
resin was mixed with extracts from E.coli cells harboring the
expression vector pET28a. The protein-bound resin was washed
five times with buffer A (50 mM NaPO4 pH 8.0, 300 mM NaCl)
and five times with buffer B (50 mM NaPO4 pH 6.0, 500 mM
NaCl, 10% glycerol). The beads were then washed once in PBS
pH 7.4, and 50 µl of the washed beads was then incubated with
20 µl HeLa nuclear extract at 4�C for 30 min. After washing five
times with buffer C (50 mM NaPO4 pH 7.0, 500 mM NaCl, 10%

glycerol), proteins bound to the beads were dissolved in SDS-gel
loading buffer and analyzed by western blot. To detect Hprp4p
interacting with Hprp3p, western blot analysis was carried out
with preimmune or immune chicken IgY (19).

Threading and molecular modeling

Threading, a promising method for protein fold recognition
(37,51–53), was performed with the program THREADER
written by David Jones (http://www.biochem.ucl.ac.uk/∼jones/
threader.html). This approach is based on a library of unique protein
folds that have been assembled from high-resolution protein
structures in the Protein Data Bank (PDB). A set of
knowledge-based pairwise potentials has been derived from a
statistical analysis of the known protein structures in the PDB,
including information such as the correlation between various amino
acid types and particular secondary structure or solvent accessibility.
Fitting of the query sequence to each fold is performed using
double-dynamic programming (54) with the energy computed by
summing up the pairwise potential values. Insertions and deletions
are taken into account with gap penalties. Folds with the lowest
pairwise energies are the most probable matches. Large negative
pairwise-energy Z-scores (that are calculated by subtracting average
pairwise potential from pairwise potential and dividing by standard
deviation of pairwise potential) are considered significant (Z< –4.0
for the current library of ∼350 folds). Structural models of the
Hprp4p and Prp4p C-terminal domains were built using the
MODELLER program (38) based on the sequence alignment
shown in Figure 7 and the coordinates of the β-transducin kindly
provided by Dr Stephen Sprang.
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