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ABSTRACT
The human 25S U4/U6.U5 tri-snRNP is a major building block of the U2-type spliceosome and contains, in addition to the U4,
U6, and U5 snRNAs, at least 30 distinct proteins. To learn more about the molecular architecture of the tri-snRNP, we have
investigated interactions between tri-snRNP proteins using the yeast two-hybrid assay and in vitro binding assays, and, in
addition, have identified distinct protein domains that are critical for the connectivity of this protein network in the human
tri-snRNP. These studies revealed multiple interactions between distinct domains of the U5 proteins hPrp8, hBrr2 (a DExH/Dbox helicase), and hSnu114 (a putative GTPase), which are key players in the catalytic activation of the spliceosome, during
which the U4/U6 base-pairing interaction is disrupted and U4 is released from the spliceosome. Both the U5-specific, TPR/HATrepeat-containing hPrp6 protein and the tri-snRNP-specific hSnu66 protein interact with several U5- and U4/U6-associated
proteins, including hBrr2 and hPrp3, which contacts the U6 snRNA. Thus, both proteins are located at the interface between U5
and U4/U6 in the tri-snRNP complex, and likely play an important role in transmitting the activity of hBrr2 and hSnu114 in the
U5 snRNP to the U4/U6 duplex during spliceosome activation. A more detailed analysis of these protein interactions revealed
that different HAT repeats mediate interactions with specific hPrp6 partners. Taken together, data presented here provide
a detailed picture of the network of protein interactions within the human tri-snRNP.
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INTRODUCTION
Introns of nuclear pre-mRNAs are recognized and precisely
removed by the spliceosome. This molecular machine
consists of the U1, U2, U4/U6, and U5 snRNPs and numerous non-snRNP splicing factors (Will and Lührmann
2006). The spliceosomal machine is a particularly proteinrich RNP, held together by an intricate and highly dynamic
network of protein–protein, protein–RNA, and RNA–RNA
interactions. Recently, mass spectrometry identified >200
spliceosomal proteins, of which at least 60 are associated
with specific snRNPs (Hartmuth et al. 2002; Jurica et al.
2002; Makarov et al. 2002; Rappsilber et al. 2002; Zhou
et al. 2002). The U1 and U2 snRNPs initially bind to the
pre-mRNA substrate and generate the pre-spliceosome, or
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‘‘complex A.’’ This is followed by the stable integration of
the pre-formed 25S U4/U6.U5 tri-snRNP, in which the U4
and U6 snRNAs are base paired, to form the pre-catalytic
spliceosome, or ‘‘complex B.’’ A major structural change, in
which the U1 and U4 snRNPs are released, transforms
complex B into the catalytically competent spliceosome,
also termed complex B*. After the first step of splicing, the
spliceosome is converted into complex C. The second step
generates the mature mRNA product and is followed by
the release of the remaining snRNPs from the spliced-out
intron.
One of the major building blocks of the human spliceosome is the 25S U4/U6.U5 tri-snRNP. The purified trisnRNP from HeLa cells contains, in addition to the U4, U6,
and U5 snRNAs, z30 distinct proteins (for review, see Will
and Lührmann 2006). The tri-snRNP is thus a particularly
protein-rich particle. The nomenclature and the domain
structure of the known human tri-snRNP proteins are
summarized in Table 1. One set of seven Sm proteins is
associated with both the U4 and U5 snRNAs, while one set
of the LSm 2–8 proteins is bound to the U6 snRNA. Five
proteins (in addition to the Sm or Lsm proteins) were
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TABLE 1. Human and Saccharomyces cerevisiae tri-snRNP proteins
Human protein
U4/U6 snRNP

U5 snRNP

U4/U6.U5 tri-snRNP

Human genea

Accessionb

S. cerevisiae protein

Domains of human protein

hPrp3 (90K)

[PRPF3]

gi|4758555

Prp3p

PWI; PRP4 interaction domain only in
Homo sapiens (amino acids 195–442);
C-terminal dsRBD (binds stem II of
U4/U6?)
NOP domain
7 WD40
Cyclophilin
K-turn binding domain

hPrp31 (61K)
hPrp4 (60K)
CypH (20K)
15.5K (hSnu13)

[PRPF31]
[PRPF4]
[PPIH]
[NHP2L1]

gi|40254868
gi|45861373
gi|45439322
gi|51317375

Prp31p
Prp4p
?
Snu13p

hPrp8 (220K)
hBrr2 (200K)
hSnu114 (116K)

[PRPF8]
[ASCC3L1]
[EFTUD2]

gi|17999536
gi|45861371
gi|41152055

Prp8p
Brr2p
Snu114p

hPrp6 (102K)
hPrp28 (100K)
hLin1 (52K)
40K
hDib1 (15K)

[C20orf14]
[DDX23]
[CD2BP2]
[WDR57]
[TXNL4A]

gi|40807484
gi|41327770
gi|5174408
gi|4758559
gi|20070233

Prp6p
Prp28p
Lin1p (Snu40p)
—
Dib1p

Putative Jab1/MPN domain (Ub-removal?)
Two DExH/SEC63 sets
GTPase (EF-like), acidic N-terminal
domain
HAT/TPRs
DEAD RNA helicase, RS domain
Proline-binding domain
7 WD40
Thioredoxin-like fold

hSnu66 (110K)
hSad1 (65K)
27K

[SART1]
[USP39]

gi|38788009
gi|56550050
gi|24307918

Snu66p
Sad1p
—

Arginine-serine-rich (RS) domain
RS-domain
RS-domain

a

Officially approved names.
mRNA sequence.

b

found to bind stably to the U4/U6 snRNAs, namely 15.5K
(alias hSnu13), CypH (alias 20K), hPrp4 (60K), hPrp31
(61K), and hPrp3 (90K). U5 snRNA is associated with the
U5-specific proteins hPrp8 (220K), hBrr2 (200K), hSnu114
(116K), hPrp6 (102K), hPrp28 (100K), hLin1 (52K), 40K,
and hDib1 (15K); of these only hLin1 is not found in the
U4/U6.U5 tri-snRNP (Laggerbauer et al. 2005). Three
proteins termed hSnu66 (110K), hSad1 (65K), and 27K
associate more stably with the tri-snRNP than with individual U4/U6 or U5 particles, and are thus designated
‘‘tri-snRNP-specific.’’ All proteins of the 25S tri-snRNP
have been highly conserved during evolution, and all have
orthologs in the yeast Saccharomyces cerevisiae except the
27K and 40K proteins, and possibly the CypH protein
(Gottschalk et al. 1999; Stevens and Abelson 1999).
Once the tri-snRNP binds to the nascent pre-spliceosome,
it undergoes dramatic structural changes during the life
cycle of the spliceosome. Within the U4/U6 snRNP, the U4
and U6 snRNAs form two intermolecular RNA helices
(stems I and II), both of which are disrupted during the
activation of the spliceosome, with subsequent release of
U4. U6 snRNA then interacts with U2 snRNA and the 59
end of the intron to form part of the catalytic center.
Concomitantly, U1 snRNA dissociates from the 59 splice
site. In addition, the major loop of the U5 snRNA is
involved in aligning the two exons for ligation (Nilsen
1998; Tycowski et al. 2006).
The U4/U6.U5 tri-snRNP contains several proteins that
facilitate RNA/RNP rearrangements during splicing. Stud-

ies in yeast indicate an involvement of Prp28p, a DExH-box
RNA helicase, in the dissociation of the U1 snRNP from the
59 splice site (Strauss and Guthrie 1994; Staley and Guthrie
1999). There is evidence that the DExH-box RNA helicase
hBrr2 (the ortholog of Brr2p in yeast) and the GTPase
hSnu114 (Snu114p in yeast) are driving forces behind the
disruption of the U4/U6 snRNA helices prior to spliceosome activation (Xu et al. 1996; Fabrizio et al. 1997;
Laggerbauer et al. 1998; Raghunathan and Guthrie 1998;
Bartels et al. 2002, 2003). hPrp8 and its yeast counterpart
Prp8 have been shown to contact all elements of the premRNA involved in splicing, i.e., the 59 and 39 splice sites, as
well as the branch site (Teigelkamp et al. 1995a; Siatecka
et al. 1999; Query and Konarska 2004; Grainger and Beggs
2005), and Prp8 is thought to play an important role in
modulating the activity of those U5 proteins involved in
these rearrangements (Kuhn et al. 2002 and references
therein). However, the actual mechanism by which these
U5-specific ‘‘motor’’ proteins disrupt the U4/U6 RNA
helices is still not understood. It may involve either direct
contact between these proteins and the snRNAs or indirect
contact through a network of protein–protein interactions,
capable of relaying a ‘‘power stroke’’ from a helicase and/or
GTPase to the RNA.
In yeast, a study by van Nues and Beggs (2001) revealed
interactions between some of the yeast tri-snRNP proteins.
In contrast, relatively little is known about the protein–
protein and protein–RNA network within the human trisnRNP. The human U4/U6-specific proteins CypH, hPrp4,
www.rnajournal.org
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and hPrp3 form a stable RNA-free trimeric subcomplex,
and hPrp4 and hPrp3 have been shown to interact directly
with each other (Horowitz et al. 1997; Lauber et al. 1997;
Teigelkamp et al. 1998; Gonzalez-Santos et al. 2002). An
additional stable RNA-free subcomplex is formed by the U5
proteins hSnu114, hPrp8, hBrr2, and 40K (Achsel et al.
1998). Three human U4/U6-specific proteins have been
shown to contact the U4 and/or U6 snRNAs. These are the
15.5K and hPrp31 proteins, which can be cross-linked to
the U4 snRNA, and the hPrp3 protein, which can be crosslinked to the U6 snRNA (Nottrott et al. 2002).
Compared with the information currently available
about protein–protein and protein–RNA interactions
within the U4/U6 and U5 snRNPs, even less is known
about the interactions that bridge the two snRNPs. To date,
only an interaction between the U5-specific protein hPrp6
and U4/U6-specific hPrp31 protein has been reported
(Makarova et al. 2002; Schaffert et al. 2004). There is no
indication of RNA–RNA interactions between the two
particles, and only one inter-particle RNA–protein crosslink has been observed, namely between the yeast protein
Prp8 (corresponding to human 220K) and the U6 snRNA
(Vidal et al. 1999). Thus, protein–protein interactions likely
dominate in the communication between the U4/U6 and
the U5 snRNPs. The role played by these protein–protein
interactions in determining the conformational and configurational changes in the spliceosomal snRNAs during the
splicing cycle remains to be elucidated.
To obtain a comprehensive picture of protein interactions in the human tri-snRNP, and in particular of the
protein interactions bridging the U4/U6 and U5 snRNP, we
performed yeast two-hybrid (Y2H) and in vitro binding
assays. Our data reveal the basic design of the human trisnRNP protein network and, in addition, identify distinct
protein domains that are critical for the connectivity of this
network in human tri-snRNPs.
RESULTS
To detect protein–protein interactions between components of the human U4/U6.U5 tri-snRNP, the yeast twohybrid (Y2H) assay was used. Full-length cDNAs encoding
each of the known human tri-snRNP proteins, except for
Sm and LSm proteins, were subcloned into the pGBKT7
and pGADT7 vectors to generate ‘‘bait’’ and ‘‘prey’’
fusions. Vectors were then co-transformed into the yeast
strain AH109, and protein–protein interactions were identified by growth on minimal medium lacking tryptophan,
leucine, and histidine (SD/ÿHis), or, for higher stringency,
lacking both histidine and adenine (SD/ÿHisÿAde). Additionally, positives were re-examined in the presence of
3-amino-1,2,4-triazole (3-AT). This competitive inhibitor
of the His3 reporter helps to discriminate strong and weak
interactors. A full-length hBrr2 cDNA, as well as those
encoding hPrp4 and hPrp8, were obtained by PCR from
1420
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a Marathon-Ready cDNA library (see Materials and Methods). All other cDNAs employed in this study have been
previously described, and their accession numbers are given
in Table 1. False negatives and false positives can arise from
various conditions during Y2H screens. In an independent
approach several protein–protein interactions were therefore also investigated by in vitro binding studies (i.e.,
glutathione-S-transferase [GST]-tagged protein pull-down
and co-immunoprecipitation [co-IP]) using proteins translated in vitro and/or recombinant proteins expressed in
Escherichia coli.
Analysis of interactions between U4/U6 proteins
We first focused on interactions between the five tri-snRNP
proteins associated with the U4/U6 snRNA. Consistent with
our previous co-immunoprecipitation results (Teigelkamp
et al. 1998), an interaction between the CypH and hPrp4
protein was also observed by Y2H analysis with each protein serving in turn as bait or prey (Fig. 1). This interaction
was also detected in vitro by GST pull-down assays (not
shown). Remarkably, the CypH–hPrp4 interaction was the
only one that could be detected among the five U4/U6
proteins by the two-hybrid method (see area highlighted
dark gray in Fig. 1). Notably, no interaction was found
between the 15.5K protein and any of the other proteins. As
binding between hPrp4 and the central domain of hPrp3 had
previously been demonstrated using co-immunoprecipitation
and isothermal titration calorimetry (Gonzalez-Santos et al.
2002), we also performed in vitro binding assays with Histagged hPrp3 protein. Significantly, in vitro translated HAtagged hPrp4 was co-precipitated specifically and efficiently
by His-tagged hPrp3, confirming this interaction (not
shown).
Interactions between U5 proteins in the
hPrp8/hBrr2/hSnu114/40K tetramer
The U5-specific proteins hPrp8, hBrr2, hSnu114, and 40K
form an RNA-free protein complex that remains stable
even in 0.2 M NaSCN, with the interaction between the
hPrp8 and hSnu114 proteins resistant to dissociation in up
to 0.4 M NaSCN (Achsel et al. 1998). Here, we have used
Y2H assays to analyze the interactions between these
proteins in more detail. Clear protein–protein interactions
were not observed when full-length hPrp8, hBrr2, hSnu114,
and 40K were used as bait or prey (Fig. 1, lower right
quadrant). Failure to detect interactions between fulllength proteins, in particular very large ones such as hPrp8
(274 kDa) and hBrr2 (244.5 kDa), is not uncommon, and
has been observed previously (e.g., van Nues and Beggs
2001). In order to overcome this problem, we cloned
several deletion mutants of the three large proteins into
the bait and prey vectors. hBrr2 was divided into five
overlapping fragments, on the basis of the structural
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When bait and prey constructs with
full-length and truncated proteins were
again tested in the Y2H assay, interactions between the hPrp8, hBrr2, and
hSnu114 proteins were clearly observed
(1, 2B). The N- and C-terminal fragments of hPrp8 (hPrp8–1 and hPrp8–6)
appear to be the major protein–protein
interaction sites of this protein. Both
interact not only with fragment 2 of
hSnu114, but also with fragment 4 of
hBrr2. This fragment contains the
C-terminal helicase domain of hBrr2
and in turn interacts with fragments 2
and 3 of the hSnu114 protein. Interestingly, the terminal fragments of hPrp8
also interacted with each other, raising
the possibility that hPrp8 forms an
intramolecular bridge. The C-terminal
fragment of hPrp8, in addition, interacts with the C-terminal fragment of
hSnu114 (hSnu114–3). These interactions are shown schematically in Figure
2B. Full-length hSnu114 was found to
interact with terminal fragments of
hPrp8 (Fig. 1), indicating that hSnu114
FIGURE 1. Two-hybrid interactions within the human tri-snRNP. All 29 full-length (F)
can be stably expressed and properly
proteins and protein fragments served as bait and prey in 29 3 29 Y2H combinations.
Fragments are numbered as shown in Figure 2. Numbers adjacent to symbols indicate the folded in yeast. The Y2H interactions
observed between hPrp8 and hSnu114
highest tested 3-AT concentration (in mM) still supporting the interaction.
are consistent with our previous findings that hSnu114 interacts with hPrp8,
domains deducible from its amino acid sequence, which
as shown by Far Western blots and by the fact that
a heterodimeric complex of both proteins, that is stable
includes two helicase domains followed by a SEC63 doeven in the presence of 0.4 M of the chaotropic salt NaSCN,
main; the function of the latter domain is currently
can be isolated from U5 snRNPs (Achsel et al. 1998). In
unknown but possibly anchors proteins to RNP complexes
yeast, the association of Snu114p with a region in the
(Ponting 2000; Fig. 2A). The second SEC63 domain of
N-terminal half of Prp8p was detected during Y2H and
Brr2p is involved in interactions with spliceosomal proteins
Prp16p and Snp1p (van Nues and Beggs 2001). Thus, hBrr2
pull-down experiments (Grainger and Beggs 2005; Boon
fragments 2 and 4 consist of its two helicase domains, while
et al. 2006).
fragments 3 and 5 harbor its two SEC63 domains (Fig. 2A).
Previously, we detected an interaction between hPrp8
and both the 40K protein and hSnu114 in Far Western
Similarly, the hSnu114 protein was divided up taking into
blotting assays (Achsel et al. 1998). Binding partners of the
account the boundaries of the conserved GTPase structural
40K protein, however, could not be identified by Y2H
features known from the ribosomal translocase EF-2 (Fig.
analysis using either full-length or truncated proteins (Fig.
2A). Thus, fragment 1 contains the EF-2 GTP-binding
1). This result was not due to the absence of 40K in yeast;
domain, while fragments 2 and 3 harbor domain II and
domains IV+V (according to the EF-2 nomenclature),
the production of stable 40K was confirmed by Western
respectively. In contrast to these two proteins, the sequence
blotting (not shown). Except for four interactions involving
of hPrp8, although highly conserved in all eukaryotes, for
hBrr2–4 and fragments of hSnu114, the generally weak
interactions within the hPrp8/hBrr2/hSnu114/40K tetramer
a long time did not offer significant clues as to its structural
are all suppressed by 2 mM 3-AT (Fig. 1). Arbitrarily
organization. Only recently, protein motives such as the
dividing a protein into fragments may possibly result in
MPN domain (Mpr-1, Pad-1, N-terminal) and RRM (RNA
weakly or non-interacting fragments. However, the fact
Recognition Motif) have been discovered in Prp8p
that these fragments are involved in stronger interactions
(Grainger and Beggs 2005; Bellare et al. 2006; Boon et al.
2006). We divided hPrp8 into six arbitrary fragments of
with other proteins of the tri-snRNP demonstrates the
roughly equal size (315–477 amino acids; Fig. 2A).
general validity of this approach.
www.rnajournal.org
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hPrp6, hSnu114, or hBrr2–4 grew in
the presence of 20 mM 3-AT. Yeast
colonies transformed with hSnu66 and
hPrp3, hSnu66, hBrr2, hBrr2–4, or
hBrr2–5 grew in the presence of 2–10
mM 3-AT (Fig. 1). Except where indicated, interactions within the hPrp8/
hBrr2/hSnu114/40K complex were all
suppressed in the presence of 2 mM
3-AT. Nevertheless, fragments originating from these proteins showed stable
interactions with other proteins. The
use of 3-AT, however, cannot exclude
that an observed ‘‘strong’’ interaction
simply reflects a high level of expression
of stable protein.
hPrp6 bridges the U5 and U4/U6
snRNPs in the tri-snRNP
Mutational analyses of the yeast Prp6
protein, and previous biochemical
analyses and RNAi-mediated knockdown of hPrp6 in our laboratory, all
point to a crucial role for Prp6 in
establishing a connection between the
U5 and U4/U6 snRNPs (Galisson and
Legrain 1993; Makarov et al. 2000;
Makarova et al. 2002; Schaffert et al.
2004). Indeed, hPrp6 has been shown
to interact with the U4/U6-associated
hPrp31 protein (Makarova et al. 2002).
However, little is currently known
about the interactions of the hPrp6
protein within the U5 snRNP. To
obtain a better resolved picture of the
bridging function of hPrp6, we investigated its interactions with various U5
and U4/U6 proteins using the twoFIGURE 2. (A) Schematic representation of the hPrp8, hBrr2, and hSnu114 proteins and their
fragments used in two-hybrid assays. (DExH) DExH box helicase domain; (HELICc) helicase hybrid system. We used full-length
superfamily C-terminal domain; (SEC63) domain of unknown function in Sec63p and other hPrp6 as bait and prey to identify
proteins; (EF-2_G) eukaryotic elongation factor 2 GTP-binding domain; (EF-2_II [IV, V]) interaction partners within the set of
eukaryotic elongation factor 2 domains II, IV, and V. (B) Observed interactions between the all full-length tri-snRNP proteins, and
hPrp8, hBrr2, and hSnu114 proteins.
hBrr2, hSnu114, and hPrp8 protein
fragments. hPrp6 unidirectionally
Reassessment of Y2H positives in the presence
interacted with distinct domains of each of the three large
of 3-AT
U5-specific proteins—i.e., full-length hSnu114 as well as
fragments 2 and 3, hBrr2 fragments 2 and 4, and hPrp8
To further assess the strength of Y2H interactions, positives
fragments 1 and 6 (Fig. 1). Additional interactions were
were grown in the presence of different concentrations of
observed with the U5-specific protein hDib1, the tri3-AT, which increases the stringency of the assay. Yeast
snRNP-specific protein hSnu66, and the U4/U6-specific
colonies transformed with hPrp6 and hDib1, hSnu114–2,
protein hPrp31 (Fig. 1). The resultant network of interachSnu114–3, hBrr2–2, hPrp8–1, or hPrp8–6 were able to
tions is shown schematically in Figure 3A. hPrp6 also
grow in the presence of 2–10 mM 3-AT, while those
interacted with itself, suggesting that it potentially dimertransformed with hPrp6 and protein hPrp31, hSnu66,
izes or forms an intramolecular bridge.
1422
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FIGURE 3. Interactions of the hPrp6 protein. (A) Summary of yeast
two-hybrid and in vitro interactions involving hPrp6. (*) These
interactions were identified previously (Makarova et al. 2002). (B)
GST pull-downs performed with GST alone or GST-hPrp6 (as
indicated) and in vitro translated c-Myc-tagged tagged hPrp3, hPrp4,
hPrp31, hPrp6, hSnu66, fragment hPrp8–1, and fragment hBrr2–4
(indicated on the right). The input lane contains 10% of the total
amount of in vitro translated protein added to each reaction. The
input and bound proteins were analyzed by SDS-PAGE and visualized
by autoradiography. (C) Co-IP experiments with purified His-tagged
hDib1 and in vitro translated [35S]-methionine-labeled c-Myc-hPrp6
protein. His-tagged hDib1 was precipitated with anti-His antibodies,
and co-precipitating proteins were again visualized by autoradiography following SDS-PAGE. A mock precipitation without His-tagged
hDib1 is included as a negative control. The input lane represents 20%
of the c-Myc-hPrp6 added to the reaction.

Next we studied interactions between hPrp6 and U5 and
U4/U6 proteins in vitro, employing GST pull-down assays
with GST-hPrp6. As shown in Figure 3B, GST-hPrp6, but
not GST alone, bound [35S]-labeled, in vitro translated
hPrp31 (which served as a positive control; Makarova et al.
2002), as well as c-Myc-hSnu66, c-Myc-hBrr2–4, and
c-Myc-hPrp8–1, consistent with the results obtained by
Y2H assays for these protein pairs (see Fig. 1). Moreover,
GST-hPrp6 also co-precipitated in vitro translated hPrp6,
supporting the idea that this protein may interact with
itself. We note that GST-hPrp6 did not co-precipitate in
vitro translated hDib1, hSnu114, or hSnu114–2 and
hSnu114–3 (data not shown). This could indicate either
that the strength of the interaction between the tested
protein parts is too weak to withstand the in vitro
conditions employed or that the N-terminal GST tag might
hinder complex formation between GST-hPrp6 and hDib1
or hSnu114. Indeed, an interaction between hPrp6 and
hDib1 was observed in a co-precipitation experiment with
His-tagged hDib1 expressed in E. coli. As shown in Figure
3C, [35S]-labeled c-Myc-hPrp6 was efficiently co-precipitated
with His-tagged hDib1. An equivalent co-precipitation experi-

ment with tagged hSnu114 protein could not be carried out
because of solubility problems with recombinantly expressed
hSnu114.
Our Y2H assays revealed a strong interaction of hPrp6
with the U4/U6 snRNP-specific hPrp31 protein but not
with hPrp3 and hPrp4 (Makarova et al. 2002; Fig. 1). As an
interaction between hPrp3 and hPrp4 was only detected by
co-precipitation experiments, but not by Y2H assays, we
investigated whether hPrp6 interacts with the latter two proteins by performing GST pull-down experiments. As shown
in Figure 3B, GST-hPrp6, but not GST alone, efficiently
bound [35S]-labeled, in vitro translated hPrp3; no interaction with hPrp4 was observed. Thus, hPrp6 interacts with
at least two U4/U6-specific proteins, hPrp31 and hPrp3.
The hPrp6 protein contains an N-terminal domain
followed by 13 repeats of the HAT (Half-A-TPR) motif and
one TPR (tetratricopeptide) motif, as shown in Figure 4A.
The HAT motif is found in several RNA-binding proteins
(Lamb et al. 1995; Preker and Keller 1998), and its structure
and sequence are similar to those of TPR repeats, which
mediate protein–protein interactions (Lamb et al. 1995;
Blatch and Lassle 1999; D’Andrea and Regan 2003). To
investigate which regions of hPrp6 interact with the various
proteins, hPrp6 was divided into three fragments (Fig. 4A):
an N-terminal domain lacking HAT-repeats (NTD), a second domain comprising HAT-repeats 1–6 (HAT_M), and
a third domain comprising HAT-repeats 7–13 and the
TPR-repeat. All hPrp6 protein–protein interactions identified by both Y2H and GST pull-down or co-IP experiments
were further examined with the hPrp6 fragments used
either as bait (Fig. 4B) or as prey (Fig. 4C). The N-terminal
domain interacted with the hDib1 protein, while the central
HAT_M fragment bound to hSnu66, fragment 4 of hBrr2,
and fragment 1 of hPrp8 (see Fig. 4D for summary of
interactions). The hPrp31 protein interacted with both the
HAT_M and the HAT_C fragment. In summary, it appears
that distinct regions of hPrp6 are dedicated to interactions
with different proteins.
The tri-snRNP-specific hSnu66 protein interacts with
both U5-specific and U4/U6-specific proteins
Three proteins, hSnu66, hSad1, and 27K, associate with the
tri-snRNP, but less so—or not at all—with its individual
snRNP components (Fetzer et al. 1997; Makarova et al.
2001). Y2H assays were also employed to identify the binding partners of these three proteins. Full-length hSnu66 was
found to interact with the U4/U6-specific protein hPrp3
and also with the full-length U5-specific proteins hPrp6
and hBrr2 (Fig. 1). In the case of hBrr2, the interaction with
hSnu66 appears to involve the C-terminal region encompassed by fragments 4 and 5. Binding interactions were
additionally investigated by co-immunoprecipitation assays.
Consistent with the Y2H results, [35S]-labeled full-length
c-Myc-hPrp3, c-Myc-hPrp6, and c-Myc-hBrr2 protein, as
www.rnajournal.org
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hSnu66, hPrp4, or hPrp6 prey fusions in the Y2H system.
Only the C-terminal fragments (C489 and C381) and fulllength hPrp3 (as positive control) interacted with fulllength hSnu66 protein (Fig. 6B). Interactions with hPrp4 or
hPrp6 were not observed (not shown).
As described above, an interaction between the U4/U6specific hPrp3 and hPrp6 proteins was detected by GST
pull-down assays. To delineate the region of hPrp3 that
interacts with hPrp6, [35S]-labeled c-Myc-tagged hPrp3 deletion mutants were translated in vitro and used in GST pulldown experiments with GST-hPrp6. The C-terminal hPrp3
fragments (C267, C381, and C489) bound to GST-hPrp6
(but not GST alone), while binding of the N-terminal
fragments was not above background levels (Fig. 6C). It
therefore appears that the C-terminal region of hPrp3,
comprising amino acids 417–683, suffices for binding to
hPrp6, while an extended C terminus, comprising amino
acids 303–683, is required for interaction with hSnu66.

FIGURE 4. hPrp6 domains and protein–protein interactions. (A)
Schematic representation of the protein fragments derived from fulllength hPrp6 used in two-hybrid assays. (B) The yeast strain AH109
was transformed with pGBKT7 carrying hPrp6 fragments and
pGADT7 carrying hDib1, hPrp31, hSnu66, and fragments hBrr2–4
and hPrp8–1. Empty vectors were included as a negative control.
Combinations labeled ND were not analyzed due to self-activation of
the bait. (Black squares) Interactions selected on SD/ÿHisÿAde,
(hatched squares) those selected on SD/ÿHis. (C) Interactions of
reciprocal bait–prey pairs. (D) Schematic drawing of the observed
interactions involving hPrp6.

well as c-Myc-hBrr2–4 and HA-hBrr2–5 fragments, were
co-precipitated together with His-tagged hSnu66 by antihSnu66 antibodies (Fig. 5A, B). Y2H assays did not reveal any
interactions involving the 27K or the hSad1 protein (Fig. 1).

Interactions of the hPrp3 protein
Y2H assays revealed binding between full-length hPrp3
and hSnu66 (Fig. 1). To delineate the boundaries of the
hSnu66-interacting domain, hPrp3 was divided into four
fragments according to (Gonzalez-Santos et al. 2002) and
two additional fragments comprising the N- and C-terminal
halves of the protein (Fig. 6A). All six fragments were
subcloned into pGBKT7 as bait fusions and tested with
1424
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FIGURE 5. Analysis of interactions between the hSnu66 protein and
in vitro-translated fusion proteins of (A) hPrp3 and hPrp6, and (B)
full-length hBrr2, as well as fragments hBrr2–4, hBrr2–5. Purified
His-tagged hSnu66 was incubated with anti-hSnu66 antibodies bound
to protein A-Sepharose and [35S]methionine-labeled proteins produced by in vitro translation. The precipitated proteins were fractionated by SDS-PAGE and visualized by autoradiography. Mock
precipitations without His-tagged hSnu66 protein were included as
a negative control. (C) Summary of hSnu66 interactions.
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U4/U6 protein interactions
Interactions among U4/U6 snRNP proteins were detected
between hPrp4 and hPrp3 (in vitro binding assay only) and
between the CypH protein and hPrp4 (Y2H and in vitro)
(Figs. 1, 7). The failure to detect an interaction between
hPrp4 and hPrp3 via Y2H could be due to folding problems
or lack of a necessary post-translational modification. The
observed interactions underlie the biochemically stable
CypH hPrp4 hPrp3 heterotrimeric complex (Horowitz et al.
1997; Teigelkamp et al. 1998). Interactions of this group of
proteins with 15.5K and hPrp31 could not be detected. This
does not, however, rule out that these proteins engage in
protein–protein interactions within the native U4/U6
snRNP. It is particularly important to consider the hierarchical nature of interactions within this particle. It has been
shown that the human 15.5K protein binds directly to
a specific sequence element of the U4 snRNA through
a novel RNA-binding domain (Vidovic et al. 2000; Nottrott
et al. 2002). The CypH hPrp4 hPrp3 complex and hPrp31
bind only after this initiating step (Nottrott et al. 2002). We
have experimental evidence that within U4/U6 snRNPs
distinct surface areas of the 15.5K protein are involved in
interactions with hPrp31 and the CypH hPrp4 hPrp3
heterotrimer, respectively (A. Schultz, S. Nottrott, N. Watkins,
and R. Lührmann, unpubl.). In some instances these interactions appear to be dependent on the presence of the RNA.
The task of the 15.5K protein appears to be to bring the
snRNA into the right conformation for subsequent binding
of the other U4/U6 proteins, rather than to act merely as
a bridge between these proteins and the U4 and U6 snRNA.
In support of this idea, within the U4/U6 snRNP, hPrp31
d

d

d

FIGURE 6. Protein–protein interactions of the hPrp3 protein. (A)
Schematic drawing of the protein fragments derived from the fulllength hPrp3 protein. (B) Yeast two-hybrid analysis of interactions
between hPrp3 bait constructs (labeled according to panel A) and
hSnu66 prey. (C) In vitro pull-downs of hPrp3-derived constructs
with GST-hPrp6 (performed as described in Fig. 3).

DISCUSSION
In this study, we have investigated protein–protein interactions in the human tri-snRNP, using the yeast two-hybrid
technique. Y2H experiments were performed with 38
polypeptides (full-length proteins and fragments thereof)
derived from 15 protein components of the human trisnRNP. In total, 12 pairs of interacting proteins were
detected by Y2H analysis. For eight of them, an interaction
was corroborated by in vitro binding experiments, again
using either full-length proteins or protein fragments.
Three additional interactions were observed in vitro only.
Our Y2H results are shown in tabular form in Figure 1, and
the network of interactions is illustrated schematically in
Figure 7. No interactions were detected for the hPrp28,
hSad1, and 27K proteins. Thus, these proteins are either
not expressed in yeast (due to the presence of RS domains)
or require complex binding sites comprised of multiple
proteins. In yeast, PRP28 and SAD1 have been shown to be
synthetically lethal or to synthetically enhance SNU114
mutations (Brenner and Guthrie 2005), suggesting that
they may also physically interact with Snu114p. Taken
together, our data provide a detailed picture of the protein
network within the human tri-snRNP and thus expand our
understanding of the molecular architecture of the spliceosome’s largest subunit.

d

d

FIGURE 7. Schematic depiction of protein–protein interactions
within the human tri-snRNP. All dots indicate protein–protein
interactions demonstrated in this study. Those in black and white
indicate interactions also observed between the respective orthologous proteins in yeast. The Snu114p-Prp8p interaction has been
reported by Dix et al. (1998), Prp6p–Dib1p by Uetz et al. (2000),
Prp3p–Prp4p by Ito et al. (2001), and Prp8p–Brr2p, Brr2p–Snu66p,
Snu66p–Prp6p by van Nues and Beggs (2001).
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and hPrp3 can be cross-linked to the U4 and U6 snRNAs,
respectively (Nottrott et al. 2002).
Evolutionary conservation of interactions in the U5
heterotetrameric complex
Four U5-specific proteins, namely hPrp8, hBrr2, hSnu114,
and 40K, are known to form a stable RNA-free heterotetramer (Achsel et al. 1998). Of this quartet, hPrp8, hBrr2,
and hSnu114 bind directly to one another, and, furthermore, each of them binds to hPrp6 (summarized in Fig. 7).
In contrast to the other three proteins, 40K appears to
contact only one protein (hPrp8), with the caveat that weak
interactions may not have been detected by the methods
used in this work (due, for example, to subtle differences in
the conformation of the expressed fusion proteins). One
of the pairwise interactions—that between hPrp8 and
hSnu114—had previously been observed via Far Western
blotting (Achsel et al. 1998). The multiple interactions of
hBrr2 and of hSnu114 with hPrp8 have interesting implications. Both of these proteins belong to families that often
require other proteins as coactivators. There is thus the
interesting possibility that the hPrp8 protein may be an
activating factor for hBrr2 and/or for the hSnu114 EF-2
homolog. Moreover, considering that the hPrp8 protein
(like its yeast counterpart) also contacts in a sequential
manner the 59 and 39 splice sites (Teigelkamp et al. 1995a,
b; Reyes et al. 1996), its potential activation of the hBrr2
RNA-unwindase or the hSnu114 protein might be triggered
by certain functional states of the spliceosome.
A more detailed analysis of the protein interactions
involving hPrp8 and hBrr2 suggests that both proteins,
despite their considerable size, make contacts with other
proteins only through distinct limited regions. In the case
of hPrp8, the immediate N or C termini (fragments hPrp8–
1 and hPrp8–6) interact preferably with hBrr2, hSnu114,
and hPrp6 within the U5 snRNP (Figs. 2B, 3A). Interestingly, the terminal fragments of hPrp8 also interact with
each other, raising the possibility that they form an intramolecular bridge. We have also dissected the C-terminal
region in more detail and again analyzed its interactions
with the aforementioned binding partners. Interestingly,
three out of four Y2H interactions, namely those with
hPrp8–1, hSnu114–3, and hBrr2–4, were confirmed using
just the very C-terminal stretch of z100 amino acids of
hPrp8 as prey (data not shown). Thus, this limited stretch
of amino acids represents a very important contact region.
This finding is of interest considering the fact that certain
patients suffering from Retinitis pigmentosa possess mutations just in this region of hPrp8 (Grainger and Beggs
2005). The observed disease phenotype could therefore
originate from altered protein–protein interactions in the
tri-snRNP. It will be interesting to determine in future
studies how these mutations affect splicing. Our analyses
indicate that hPrp8 is the central component of the hetero1426
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tetrameric hPrp8 hBrr2 hSnu114 40K complex of the U5
snRNP, with confirmed contacts to all complex components. This tetramer appears to remain intact throughout
the entire spliceosomal cycle and also during the final
release of the post-spliceosomal 35S complex (Makarov
et al. 2002).
Our two-hybrid experiments reveal a critical role of the
C terminus of hBrr2 in protein–protein interactions. This
includes interactions within the RNA-free heterotetramer
(through interactions with hPrp8 and hSnu114) and with
hSnu66 and hPrp6. hBrr2 displays the same domain
structure as its yeast ortholog (Fig. 2A). Of the two helicase
domains, the C-terminal one (fragment hBrr2–4) exhibits
only poor conservation of the helicase consensus motifs in
sub-domains V and VI (following the nomenclature of
Tanner and Linder [2001]). In yeast, only the N-terminal
helicase domain of Brr2p is required for unwinding the
U4/U6 snRNA duplex (Raghunathan and Guthrie 1998;
Kim and Rossi 1999). The poorly conserved second helicase
domain, therefore, possibly serves exclusively as a protein–
protein interaction domain. Our data also revealed that the
hBrr2–5 fragment interacts with hSnu66 in Y2H and in
vitro binding assays. Fragment hBrr2–5 comprises a SEC63
domain, which is suspected to mediate protein–protein
interactions, particularly in the context of RNA–protein
complexes (Ponting 2000).
In a previous Y2H study, a network of interactions involving a set of yeast spliceosomal proteins, including the
U5-specific proteins Prp8p and Brr2p and the tri-snRNPspecific protein Snu66p, were observed (van Nues and
Beggs 2001). These data revealed that Brr2p is involved in
numerous protein–protein interactions, and was therefore
assigned the role as a central organizer not only of the trisnRNP, but also of spliceosomal protein dynamics in
general. The C-terminal region of yeast Brr2p, comprising
the second helicase-like domain (corresponding to our fragment hBrr2–4), appears to be involved in most Brr2p interactions with tri-snRNP proteins, and the extreme C
terminus (our fragment hBrr2–5) is involved in the recruitment of first- and second-step factors, and contacts
proteins of the U1 snRNP. Our Y2H experiments confirm
the critical function of the second helicase-like domain of
hBrr2 in protein–protein interactions and thus reveal a high
degree of evolutionary conservation of interactions in yeast
and man involving this domain.
d

d

d

Filling the gap between U4/U6 and U5
The interaction of the U5 and U4/U6 snRNPs to form
the U4/U6.U5 tri-snRNP appears to be solely proteinmediated, as no interaction between the U5 and U4/U6
snRNAs is known. This snRNP bridging may occur via
protein–protein and/or protein–RNA interactions. Based
on our Y2H data, hPrp6 and hSnu66 are key players in
establishing contacts between U5 and U4/U6 proteins. That
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is, hSnu66 interacts with hPrp3, hPrp6, and hBrr2 (Fig.
5C), and thus it may also contribute to bridging the snRNP
components of the tri-snRNP. Unlike hPrp6, however,
hSnu66 is not required for tri-snRNP stability (Makarova
et al. 2001); thus, its primary function remains to be elucidated. hPrp6 instead emerges as the most important bridge
between the human U5 snRNP and U4/U6 snRNP. This is
supported by our previous biochemical analyses of hPrp6
(Galisson and Legrain 1993; Makarov et al. 2000; Makarova
et al. 2002; Schaffert et al. 2004). In addition to numerous
interactions within the U5 snRNP, full-length hPrp6 also
interacts with the tri-snRNP-specific hSnu66 and U4/U6specific hPrp3 and hPrp31 proteins (summarized in Fig.
3A). Mutational analyses of yeast Prp6p support the idea
that Prp6p assumes an equally important bridging role in
yeast (Galisson and Legrain 1993). hPrp6 contains as many
as 13 HAT and one TPR repeats, motifs found in several
other spliceosomal proteins (Gottschalk et al. 1998).
Domains of this kind make a protein particularly well
suited to serve as a binding partner in multiple, simultaneous protein–protein interactions during the assembly of
macromolecular machines (Scheufler et al. 2000; D’Andrea
and Regan 2003). The targets for binding are apparently
small peptide stretches, with a specificity that is still not
understood. hPrp6 interacts with seven tri-snRNP proteins
(Figs. 3A, 7). Our protein–protein interaction data for fragments of hPrp6 show that different HAT/TPR repeats
mediate interactions with specific hPrp6 partners (Fig. 4).
All repeats participate in binding hPrp31, whereas only the
repeats of the central HAT_M fragment bind hSnu66,
fragment 4 of hBrr2, and fragment 1 of hPrp8. Our lab previously reported that antibodies raised against the HAT_C
fragment efficiently precipitate free U5 snRNP, but not
the U4/U6.U5 tri-snRNP, from HeLa nuclear extracts
(Makarov et al. 2000). Binding of the hPrp31 protein to
the C-terminal HAT/TPRs could explain this observation.
A differential contribution of individual TPR domains of
an extended TPR array was also reported for the yeast spliceosome assembly factor Clf1p (Vincent et al. 2003). The
N-terminal fragment of hPrp6, predicted to contain a
coiled-coil domain (Makarov et al. 2000), also is involved
in protein–protein interactions and binds to hDib1
(Fig. 3C).
The U5-specific proteins hBrr2 and hSnu114 are considered to be the driving forces behind the disruption of the
U4/U6 snRNA helices during activation. Regardless of
the precise mechanism, a structural rearrangement in the
U4/U6 snRNP must take place for the U4/U6 helix to be
disrupted. One possible mechanism involves the direct
docking of an enzyme onto the double-stranded U4/U6
RNA substrate, followed by triphosphate consumption and
catalysis. In an alternative mechanism, a helicase or GTPase
is the active center in which the triphosphate is hydrolyzed,
thus providing a ‘‘power stroke,’’ which is then passed on
through components of the tri-snRNP to the U4/U6 RNA

double helix, either unwinding the helix itself or displacing
or reorganizing its surrounding proteins (Will and Lührmann
2001). Indeed, DExH/D helicases were recently shown to
function as ‘‘RNPases’’ and displace proteins from RNPs
(Jankowsky et al. 2000, 2001; Fairman et al. 2004). Our
observation that hPrp6 simultaneously interacts with the
U5 proteins hBrr2 and hSnu114, and also with the U4/U6
proteins hPrp31 and hPrp3 (Fig. 3), makes this protein an
excellent candidate for transmitting such a power stroke. In
this respect it is also interesting to note that hPrp31 and
hPrp3 contact directly the regions of the U4 and U6
snRNAs involved in the formation of stem I of the
U4/U6 interaction domain (Nottrott et al. 2002; A. Schulz,
S. Nottrott, K. Hartmuth, and R. Lührmann, unpubl.).
Both proteins could thus act as final effectors in this chain
of protein–protein interactions. Consistent with this idea,
hPrp31 and hPrp3 are significantly destabilized during the
catalytic activation step and apparently released from the
spliceosome (Makarov et al. 2002). However, the sequence
of events is clearly even more complex, as >20 additional
proteins become stably integrated into the spliceosome
upon the transition from pre-catalytic complex B to activated B* (Makarov et al. 2002). Nonetheless, a direct action
of motor proteins or the transmission of a power stroke
might provide a useful working hypothesis for future
experiments.
MATERIALS AND METHODS
cDNA cloning
The complete cDNA of the hBrr2 was cloned from a human
Marathon-Ready cDNA library (Clontech) using 59-RACE
PCR techniques with published partial cDNA sequences. Specifically, three overlapping fragments were PCR-amplified from
Marathon-Ready cDNA by using three pairs of oligonucleotides:
HPV-29/HPV-30, HPV-31/HPV-32, and HPV-33/HPV-34 (see
below), which are complementary to the partial cDNA sequence
of hBrr2 (gi|20521659; Nagase et al. 1998). The three PCR
products were cloned into pNoTA/T7 and subsequently cloned
jointly into pBluescript SK(ÿ), resulting in a 4.8-kb 39 region of
the hBrr2 cDNA. To obtain the 59-end sequence, 59-RACE PCR
was performed using Marathon-Ready cDNA and the genespecific primer HPV-52 (see below). The resulting 2.0-kb 59
RACE product was sequenced and fused with the 39 sequence to
yield full-length pSK-hBRR2 cDNA. The full-length cDNA encodes a protein that has 2136 amino acids and a calculated
molecular mass of 244.5 kDa. The protein product of a transcription/translation reaction in vitro with this cDNA co-migrates on
an SDS-PAGE gel with hBrr2 isolated from native U5 snRNPs
(not shown). The sequence has been deposited with GenBank
(accession no. gi|45861371).
Because of inconsistencies between the various sequences of the
hPrp4 protein deposited in public databases, the cDNA of hPrp4
was cloned again by PCR from the same cDNA library used for the
hBrr2 protein. This sequence has been deposited with GenBank
(accession no. gi|45861373). It is essentially identical to the one
www.rnajournal.org
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published by Horowitz et al. (1997). To clone hPrp4, two oligonucleotides, HPV-324 and HPV-325 (see below), corresponding
respectively to the 59 and 39 end of the ORF (gi|2708304), were
synthesized and used in PCR with human Marathon-Ready cDNA
as template. The amplified cDNA was cloned into the PCR cloning
vector pNoTA/T7 (59/39 Inc.) to generate pNoTA–hPrp4. To
clone hPrp8, three overlapping fragments comprising the 59,
central, and 39 regions of full-length hPrp8 were amplified from the
Marathon-Ready cDNA library by PCR using three pairs of oligonucleotides: HPV-3/HPV-4, HPV-5/HPV-6, and HPV-7/HPV-8 (see
below), designed according to the deposited sequence (gi|3661609).
The PCR products were cloned into the pNoTA/T7 vector. The
three fragments were then released from pNoTA/T7 and jointly
cloned into pBluescript SK(ÿ) to generate the full-length hPrp8
cDNA. The sequence of this cDNA was identical to that of the
hPrp8 cDNA clone published by Luo et al. (1999).
Oligonucleotides used for cloning hPrp4, hBrr2, and hPrp8:
HPV-3: CCCTTCGAAGCATATGGCCGGAGTGTTTCCTTATC
HPV-4: CTGAGACTGGTTCAACCGAGAC
HPV-5: CCCACTAGTTATAAGCATGACACCAAGTTGCTC
HPV-6: CCCCTCGAGACATTCCACTTATAGGAGGC
HPV-7: ATATAAGATGAACTCTTCCTGTG
HPV-8: CCCCTCGAGTTCGAAAGGCTTCGGCCTCGGGAGGCTG
HPV-29: CAGAGGTCCTGTCTTAGAAGCTTT
HPV-30: GTGCACTGACAACTCCAACTTGGG
HPV-31: ATGTGTCCTCTGCGCCAGTTCCGG
HPV-32: ATTGGGGTTCTGTGTCATGCGGCG
HPV-33: GCCAAGCCTGTGTACCATGCTATC
HPV-34: CCCCTCGAGTCAATCTGAATCACTGTCTGTCTC
HPV-52: AGGGTCAACACGTAGAAAGGTGGC
HPV-324: CCCGGATCCATATGGCTTCCTCGCGAGCCTCTTCC
HPV-325: CCCCTCGAGCTATTCAGCCATCCACAGCTTGAA

medium in the presence of various concentrations of 3-AT. In
each assay, empty pGADT7 and pGBKT7 vectors were used as
negative controls, and pGADT7-T/pGBKT7–53 as a positive
control. At least two independent co-transformants were tested
for each assay.

Transcription and translation in vitro
The T7 promoter of pGADT7 and pGBKT7 is positioned immediately upstream of the epitope tag (HA or c-Myc, respectively) and
the insertion site of the cloned cDNA. All constructs could therefore
be used as transcription templates in transcription/translation
reactions in vitro (rabbit reticulocyte TNT-System, Promega) to
produce [35S]-labeled HA- or c-Myc-tagged proteins, using
[35S]-methionine (1000 Ci/mmol, Amersham Pharmacia Biotech).

GST pull-down assays
The full-length hPrp6 protein was subcloned into pGEX-6P-1
(Amersham Pharmacia Biotech). Recombinant GST-hPRP6
protein was expressed in E. coli BL21 and affinity-purified on
glutathione–Sepharose 4B following the manufacturer’s instructions. For GST pull-down assays, lysates containing the GSThPrp6 fusion protein were bound to glutathione–Sepharose 4B
beads for 30 min at room temperature and then washed 33 with
PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.3) and 43 with binding buffer (20 mM HEPES pH
7.9, 100 mM KCl, 2.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton
X-100, 1 mM DTT, and protease inhibitor cocktail). For each
reaction, 20 mL of beads (containing z10 mg GST-hPrp6 protein)
and 10 mL of [35S]-labeled protein, prepared as described above,
were incubated in 300 mL of binding buffer for 2 h at 4°C. Beads
were washed 53 with binding buffer, and bound proteins were
eluted in SDS sample buffer and analyzed by SDS-PAGE followed
by autoradiography.

Yeast two-hybrid analysis
To construct plasmids for two-hybrid analysis, the corresponding
ORFs or fragments thereof were amplified by PCR and introduced
into pGADT7 (a GAL4 activation domain ‘‘prey’’ vector) or
pGBKT7 (a GAL4 DNA-binding domain ‘‘bait’’ vector). The
accuracy of each construct was confirmed by sequencing. Twohybrid analyses were performed with the Matchmaker TwoHybrid System 3 (Clontech). This employs the ADE2 and HIS3
reporter genes in the yeast strain AH109 to control the stringency
of selection: The ADE2 gene, under the control of the GAL2
promoter, reduces the number of false positives, while the HIS3
gene, under the control of the GAL1 promoter, provides sensitive
growth selection that helps to identify weak positive signals. Twohybrid assays were carried out according to procedures described
by the manufacturer. To screen for protein–protein interactions,
the bait and prey plasmids were co-transformed into the yeast
strain AH109 by using the lithium acetate method. Co-transformation reaction mixtures were plated onto minimal synthetic
dropout (SD) medium lacking leucine and tryptophan and incubated for 3–5 d at 30°C. Co-transformants were then replicated on
two different selective media: SD/ÿHis for activation of the
GAL1-HIS3 reporter gene, and SD/ÿHisÿAde for the activation
of both the GAL1-HIS3 and the GAL2-ADE2 reporter gene. Y2H
positives in Figure 1 were re-examined on SD/ÿLeuÿTrpÿHis

1428

RNA, Vol. 12, No. 7

Co-immunoprecipitations
For the co-IPs shown in Figure 3C, 10 mg of His-tagged
hDib1 protein (Reuter et al. 1999), together with 1.6 mg antipentahistidine antibodies and 25 mL protein A–Sepharose, were
incubated in 400 mL IP buffer (20 mM Tris-HCl pH 8.0, 150 mM
NaCl, 0.1% Triton X-100) for 2 h at 4°C. Beads were pelleted by
centrifugation and resuspended in 300 mL IP buffer. 10 mL of
c-Myc-hPrp6 protein prepared by translation in vitro was added
to the sample, and the incubation was continued for 2 h. The
beads were subsequently washed 53 with 0.8 mL of IP buffer.
Precipitated proteins were eluted in SDS sample buffer and
analyzed by SDS-PAGE followed by autoradiography.
The cloning, expression, and purification of the hSnu66 protein
were described previously (Makarova et al. 2001). Purified Histagged hSnu66 protein was dialyzed against buffer containing
20 mM Tris-HCl pH 8.0, 300 mM NaCl, and 0.05% NP-40.
[35S]-labeled full-length protein and fragments thereof were prepared by translation in vitro as described above. 100 mL of protein
A–Sepharose beads were pre-incubated for 3 h at 4°C with 100 mL
of affinity-purified anti-hSnu66 antibody (Makarova et al. 2001)
in a total volume of 1 mL of phosphate-buffered saline (PBS), pH
8.0, containing 0.5 mg/mL BSA and 50 mg/mL total yeast tRNA.
Beads were then washed 43 with 1 mL PBS and resuspended
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in 100 mL IP buffer, resulting in a final volume of 200 mL of
anti-hSnu66 protein A–Sepharose beads. For each reaction, 30 mL
of these beads was incubated for 2 h at 4°C in 250 mL IP buffer
together with 10 mL of [35S]-labeled proteins in the presence or
absence of His-tagged hSnu66 protein. Beads were then washed
43 with IP buffer, and bound proteins were analyzed as described
above.
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