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Abstract

CHARACTERIZATION OF GALECTIN-3-SNRNP COMPLEXES AND
MECHANISM OF GALECTIN ENTRY INTO THE SPLICING PATHWAY

By
Kevin C. Haudek

In previous studies, galectin-1 and galectin-3 have been found to be redundant
pre-mRNA splicing factors using a cell free splicing system. In addition,
immunoprecipitation experiments showed both galectin-1 and -3 assembled onto the
spliceosome, from early to late stages of complex formation. Results presented here
focus on the role of galectin-3 outside of the spliceosome and the mechanism of its
entry into the pre-mRNA splicing pathway. Immunoprecipitation experiments of
HeLa nuclear extract showed the association of galectin-3 with § snRNAs (U1, U2,
U4, US and U6) and associated snRNP proteins (Sm core polypeptides and Ul
specific protein U1-70K). In addition, galectin-3 was complexed with other RNA
processing proteins including PSF (PTB-associated splicing factor), general
transcription factor TFII-I and the SMN (survival of motor neuron) protein.
Fractionation of HeLa nuclear extract on glycerol gradients showed a co-
sedimentation of galectin-3 with multiple snRNP complexes. In particular, one
complex (~10S) showed an RNase A sensitive association between U1 snRNP and
galectin-3. Because Ul snRNP is known to bind the pre-mRNA first at the 5' splice
site in a step-wise assembly of spliceosomes, we tested whether this isolated galectin-
3-Ul complex was sufficient to recognize and load galectin-3 onto pre-mRNA. Our
results suggest that galectin-3 enters the pre-mRNA splicing pathway with U1 under

conditions that allow early splicing complexes to form.



We then tested whether galectin-3 is a bona fide component of the early
splicing complex (E complex). To test this, we used a galectin-independent means of
spliceosome selection. A novel pre-mRNA containing three recognition sites for the
MS2 bacteriophage protein has been engineered and used to select specific splicing
complexes. Using this system and differing incubation conditions, we investigated
whether we could isolate unique splicing complexes formed on the pre-mRNA. Of
particular interest was the isolation of the early spliceosome complex containing U1
snRNP. Once we had confirmed the specificity of complex formation and isolation,
we analyzed proteins selected on the pre-mRNA formed under conditions to allow the
formation of E complex. Galectin-3 was identified as a protein member of the E
complex. Our results from RNA selection methods validate galectin-3 as a member

of early splicing complexes containing U1l snRNP.
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Chapter 1
Literature Review

I. Galectins

A. Family overview

Members of the galectin family of proteins share two essential characteristics:
one, they have binding affinity for B-galactosides and two, they contain conserved
residues in the carbohydrate binding domain [1]. So far, fifteen mammalian proteins
have been classified as galectins. Other organisms, ranging from amphibians to fungi,
also have been found to contain galectins. However, other organisms vary in the number
and identity of galectins they contain [2].

The galectin family is divided into three sub-groups based on their domain
architecture (see Figure 1). The Prototype sub-group consists of members possessing a
single carbohydrate recognition domain (CRD) of approximately 130 amino acids. The
Tandem Repeat sub-group consists of members possessing two CRDs fused together by a
short linker region. The final sub-group, the Chimera, consists of a sole member,
galectin-3 (Gal3) which contains a CRD with a unique N-terminal domain
(approximately 130 amino acids). This N-terminal domain consists of a series of proline-
and glycine-rich repeats. Differential scanning calorimetry has determined the melting
temperature of the N-domain (~40°C) and the CRD (~55°C) of Gal3, which suggest the
domains fold independently of one another [3]. However, recent NMR evidence suggests
that portions of the N-domain may contact the CRD [4].

X-ray crystallography has been used to determine the three-dimensional structure

of the CRD from a range of galectin family members, including members of all three



Figure 1. (A) Schematic diagram illustrating the domain structure of the
galectin family subgroups. Conserved amino acid residues in the CRD are
shown. The unique N-terminal domain of galectin-3 contains repeats rich
in proline and glycine residues. The single-letter amino acid code is used,
where X denotes any amino acid. (B) Illustration of the X-ray crystal
structure of human galectin-7. The overall structure of the CRD when
bound to ligand is shown by the polypeptide backbone (gray). Highlighted
and numbered residues are involved in binding of saccharide ligands. The
saccharide ligand is not shown in the figure.



HNR N WER

A. R
LTI ] prototype
CRD Galectin-1, -2, -5, -7,
PGAYPGXX -10, -11, -13, -14, -15
[T | ] Chimera
CRD
Galectin-3
H Tandem Repeat
CRD CRD Galectin-4, -6,
-8, -9, -12
N-terminus C-terminus

B.




subgroups [5-7]. The overall structure contains two anti-parallel B-sheets in a sandwich-
like structure (see Figure 1B). The carbohydrate binding site consists of amino acids
contained on the side of the sandwich-like structure. The highlighted residues in Fig. 1B
show the amino acids in human galectin-7 that are conserved among the galectin family
and make contact with the saccharide ligand [S]. It should be noted that the affinity of
galectins for the monosaccharide galactose is fairly weak [8]. Larger saccharides, such as
the disaccharide lactose or some oligosaccharides, bind to galectins with greater affinity.
This may indicate that these larger ligands can make additional contacts with the galectin
outside of the conserved residues in the CRD. However, these additional contacts are far
less conserved in the galectin polypeptide and different galectins exhibit different
affinities for these larger ligands [9].

Interestingly, many members of the galectin family exhibit dual-localization, that
is, they can be found both intra- and extracellularly. Inside the cell, galectins have been
found to localize both in the cytoplasm and the nucleus [9, 10]. The mechanism by
which the galectins are moved to the extracellular space is poorly understood as none of
the galectins contain an identifiable signal sequence for externalization via the
endomembrane system [10, 11].

B. Intracellular galectin-1

Galectin-1 (Gall) is a member of the Prototype sub-group and has been found in
the cytoplasm of various cell types [12-15]. It should be noted that the localization of
Gall can change on the basis of cell differentiation. For example, Cooper and Barondes
stained myoblasts for Gall and showed an intracellular distribution of the protein [16].

As myoblasts fused into myotubes, Gall was exported to the extracellular space via a



novel secretory pathway involving blebs of the plasma membrane. In studies using H-
Ras(12V)-transformed Rat-1 (EJ) cells, Gall has been shown to interact with H-
Ras(12V) in the cytoplasm [17]. This interaction leads to membrane anchorage of H-Ras
and promotes cell transformation. The interaction between Gall and H-Ras is thought to
be direct due to several lines of evidence including UV cross-linking and reciprocal
immunoprecipitations [17, 18]. To prevent cell transformation by H-Ras(12V), anti-
sense RNA for Gall was transfected into baby hamster kidney cells. These cells showed
a reduction in H-Ras(12V) clustering in non-raft microdomains at the plasma membrane
[17, 18]. This is consistent with the fact that membrane anchorage of H-Ras is necessary
for cell transformation. Finally, a mutant form of Gall (L11A) shows normal
carbohydrate binding activity but mislocalizes H-Ras(12V) and prevents H-Ras(12V)
GTP-loading in COS-7 cells [19]. Transfections of Rat-1 cells with this Gall mutant
show reduced levels of cell transformation [19]. A recent report indicates that like Gall,
Gal3 may have a similar binding pocket to interact with Ras [20].

Other reports have found Gall localized in the nucleus of cells as well. Choi et al.
reported the association of Gall with the nuclear matrix of rat calvarial osteoblasts [21].
This interaction is also dependent on cell development, as Gall was found in nuclear
matrix preparations only in differentiated osteoblasts. In other studies, HeLa cervical
carcinoma cells showed Gall in the nucleus and co-localized with known splicing factors
(such as the Sm core proteins of snRNPs, see below) by immunofluorescence [22].
Using the Gall protein as bait in a yeast-two-hybrid system and screening a HeLa cell
cDNA library identified the C-terminal 50 amino acids of gemin4 (Gemin4C50) as a

binding partner [23]. This was confirmed by direct binding assays of Gall and a fusion



protein containing Gemin4C50. Gemin4 can be found both in the cytoplasm and nucleus
of HeLa cells. However immunoprecipitation experiments of HeLa nuclear extracts (NE)
using antibodies against Gall co-immunoprecipitate other known gemin4 interacting
proteins such as the Survival of Motor Neuron protein (SMN, see below) and gemin2
[23]. This strongly suggests that Gall does interact with gemin4 in the nucleus, but does
not rule out the possibility of additional interactions in the cytoplasm. Gall also has been
shown to play a role in pre-mRNA splicing using HeLa NE [24]. Extracts depleted of
both Gall and Gal3 cannot catalyze the splicing reaction of an exogenous pre-mRNA.
Adding back recombinant Gall protein reconstitutes the ability of the extract to carry out
pre-mRNA splicing. As well, addition of known carbohydrate ligands of the galectins to
HeLa NE inhibits the splicing ability of that extract [25].
C. Intracellular galectin-3

Several reports place Gal3 in both the cytoplasm and nucleus of cells using a
variety of microscopy techniques [26-28]. This cellular distribution of Gal3 can change
according to cell proliferation state [29]. Phosphorylation of Gal3 also affects its cellular
distribution. In 3T3 cells, Gal3 exists in two variants, a non-phosphorylated form which
is entirely nuclear, and a phosphorylated form that can be found in both the nucleus and
cytoplasm [30]. It has also been shown that the phosphorylated form of nuclear Gal3 is
quickly exported to the cytoplasm as part of a large complex, indicating the
phosphorylation of Gal3 may play a key role in nuclear export [31]. Further studies of
the intracellular transport of Gal3 have determined it to be a shuttling protein, that is, it
moves back and forth between the nucleus and cytoplasm of cells [32]. This was

demonstrated by creating heterodikaryons of mouse and human cells and monitoring the



appearance of the human Gal3 polypeptide in the mouse nucleus [32]. Additional
research has been focused on the nuclear import and export signal of Gal3. It has been
found that the necessary nuclear import signal lies in a conserved sequence of amino
acids, ITLT, beginning at residue 253 [33]. Site-directed mutants of this sequence show
loss of nuclear accumulation of Gal3. An overlapping and neighboring leucine-rich
region, at residues 240-255, mediates the nuclear export of Gal3 [34]. Using this export
signal, a green fluorescent protein (GFP) construct, normally constrained to the nucleus,
is efficiently exported to the cytoplasm. GFP-Gal3 mutants of this export signal show
nuclear accumulation by fluorescent microscopy [34]. This leucine-rich export signal
indicates that Gal3 may be exported in a CRM-1 dependant manner, consistent with
previous reports [32]. In contrast, a report by Nakahara et al. found that Gal3 is imported
into the nucleus via importin-alpha, using a nuclear localization signal at residues 223-
228 [35].

Gal3 has been documented as having several intracellular binding partners.
. Known binding partners for Gal3 include Bcl-2, Chrp, TTF-I, beta-catenin, CBP70,
cytokeratin and gemin4. The apoptosis repressor Bcl-2 contains two regions of similarity
to Gal3; the N-terminus is proline and glycine rich and the C-terminal portion shares the
amino acid sequence NWGR [36]. Bcl-2 binds directly to Gal3 in vitro and mutants of
Bcl-2 in the NWGR sequence eliminate its anti-apoptotic activity [37]. Chrp was
originally identified as a Gal3 binding partner by a yeast-two-hybrid screen of a cDNA
library from mouse 3T3 cells [38]. This interaction was then confirmed by in vitro
binding assays and immunoprecipitations. It also was found that Chrp interacts at the

CRD of Gal3 and this interaction is not inhibitable by carbohydrate ligands of Gal3 [39].



It should also be noted Chrp may only be a cytosolic binding partner of Gal3, in that
immunofluorescence shows Chrp localized in the perinuclear space and cytoplasm of 3T3
cells [38]. The thyroid-specific transcription factor TTF-I has been identified as a nuclear
binding partner of Gal3 in papillary thyroid cancer cells [40]. Direct interaction between
the homeodomain of TTF-I and Gal3 was shown using GST-pull down assays. This
association with Gal3 enhances the ability of TTF-I to bind DNA in a gel-retardation
assay [40]. Gal3 was co-purified with another intracellular lectin, CBP70, from HL60
nuclei when isolated on saccharide affinity beads [41]. Binding of Gal3 to lactose
disrupts the interaction between CBP70 and Gal3 [42]. Although some functions have
been assigned to CBP70, the significance of the Gal3-CBP70 interaction remains to be
uncovered. Gal-3 also has been reported to bind beta-catenin, determined by
immunoprecipitations and in vitro binding assays [43]. Localization studies of these two
proteins show a strong correlation and Gal-3 may activate beta-catenin stimulation of
cyclin and c-myc expression [28]. There is evidence to suggest an in vitro association of
cytokeratins with Gal3, due to novel glycosylated residues on the cytokeratins [44]. This
would implicate the cytokeratins as true intracellular carbohydrate ligands of Gal3 [10].
Like Gall, Gal3 has been described as a component of the nuclear matrix, however its
binding partner has not been identified [45]

Gal3, similar to Gall, also has been found to bind a fusion construct of
Gemin4C50 directly, using an in vitro binding assay [23]. Whether this indicates an
involvement of Gal3 (similar to Gall) with the SMN protein and complex remains to be
investigated. However, adding the purified N-domain of Gal3 to an in vitro splicing

assay inhibits the splicing reaction, suggesting that Gal3 makes important contacts



necessary for pre-mRNA splicing [23]. Equally interesting, GST-Gemin4C50 also acts

in a dominant negative manner when added to splicing extracts.
I1. SnRNPs

A. Biogenesis and assembly

Five small nuclear RNAs (snRNAs) participate directly in pre-mRNA splicing;
Ul, U2, U4, US and U6. These five snRNAs are closely conserved among vertebrates
and contain a large percentage of uracil bases and are commonly referred to as U
snRNAs. These snRNAs are commonly found complexed with proteins in the nucleus,
creating a small nuclear ribonucleoprotein particle (snRNP) [46]. Each snRNP contains
an unique snRNA, a common set of Sm core proteins and snRNP-specific proteins unique
only to that type of snRNP when isolated under stringent conditions [47]. The snRNAs
undergo an extensive biogenesis pathway before they can participate in pre-mRNA
splicing [48].

Transcription of most of the U snRNAs is carried out by RNA Polymerase II (Pol
I1). U6 snRNA, which is a RNA Polymerase III (Pol III) transcript, is the lone exception
(see below). The Pol II transcribed U snRNAs are made as long primary transcripts (pre-
snRNAs) with a monomethyl-guanosine cap structure [49]. Trimming of the pre-
snRNAs requires both phosphorylation of the C-terminal domain of Pol II and a cis-
acting signal in the transcript [5S0]. The snRNAs are then packaged for export with
proteins including the cap-binding complex (CBC); PHAX, which is found
phosphorylated in the nucleus; and CRM1/RanGTP. After export from the nucleus,
hydrolysis of Ran-bound GTP and dephosphorylation of PHAX induces disassembly of

the snRNA export complex [51, 52].



Assembly of the snRNAs into snRNPs occurs in the cytoplasm. The key factor in
the cytoplasmic assembly and biogenesis of snRNPs is the SMN protein complex [53,
54]. This complex is responsible for loading the full complement of Sm proteins (B/B',
D1-3, E, F, G) onto the consensus snRNA Sm site to form the core snRNP [54, 55]. The
Sm proteins are known to form a heptamer ring when bound to the snRNA. However,
the Sm proteins are loaded onto the snRNA in discrete sub-complexes, not in a fully
assembled heptamer ring [56, 57]. Some evidence suggests that the SMN protein, using
its Tudor domain, binds the Sm proteins, by recognizing the symmetrical dimethylated
arginines contained in the Sm proteins [58-60]. Another member of the SMN complex,
Gemins$, is responsible for binding the snRNAs during loading of the Sm core proteins
[61, 62]. The binding of the Sm proteins to the snRNA allows further modification of the
snRNP including hypermethylation of the cap structure. The monomethyl guanosine cap
is modified to become a trimethyl guanosine cap by Tgs1, a methyltransferase, which has
also been shown to interact with the SMN complex [63, 64].

After the snRNA has been loaded with Sm proteins and had its cap
hypermethylated, it is ready to be imported back to the nucleus. The snRNPs are
imported into the nucleus via a series of adapter proteins [65]. The snurportin-1 protein
(SPN1) is responsible for recognizing and binding the hypermethylated cap of the
snRNPs [66]. SPN1 binds the snRNP cap most likely near the nuclear pore complex
(NPC) and has been found to interact with a NPC protein, Nup214 [67]. SPN1 also has a
domain for interacting with importin-f, a nuclear import factor, and at some point SPN1
binds importin-f and releases Nup214 [65, 67]. Importin-B then mediates another

interaction with the NPC to allow translocation of the snRNP into the nucleus [67]. In
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other importin-f systems, importin-p binds RanGTP in the nucleus to dissociate its
cargo; however, this does not seem to be the case for snRNP import [68]. The
mechanism of dissociation of the snRNPs after import remains under investigation.
Some evidence suggests that the cytoplasmic SMN complex (or sub-complexes thereof)
is transported along with snRNPs into the nucleus through its affinity for the Sm proteins
[69, 70]. Other evidence suggests a second import pathway for snRNPs which
recognizes the assembled Sm core on the snRNP as opposed to the hypermethylated cap
structure [71].

After import into the nucleus, the snRNPs are trafficked to the Cajal bodies.
Coilin is a key protein component of the Cajal body and can, in most cell types, directly
bind the SMN protein in Cajal bodies [72]. It is hypothesized that the SMN binding
event to coilin is what carries the imported snRNPs to the Cajal bodies [73]. Once at the
Cajal body the imported snRNPs bind any necessary snRNP-specific protein, which enter
the nucleus independent of the snRNP. This completes assembly of the protein
components with the snRNAs.

Another important step in snRNP biogenesis at the Cajal body is modification of
the snRNA. SnRNAs can be either 2'-O-methylated or pseudouridylated by small Cajal
body-specific RNAs (scaRNA) [74]. These scaRNAs resemble small nucleolar RNAs
(responsible for modifying ribosomal RNA) in their sequence and structure [75]. The
modifications performed on snRNPs are essential for their function in pre-mRNA
splicing [76]. After the snRNPs have been assembled and modified they are moved to
nuclear speckles, which are thought of as storage sites for various splicing factors [73,

77].
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In contrast to the other U snRNAs, biogenesis of U6 snRNA is confined to the
nucleus and transcribed by Pol III. The transcribed U6 snRNA is given a unique y-
monomethyl cap structure, which it keeps throughout its lifecycle [48]. Transcription of
the U6 gene is terminated by a short stretch of uridines. There is evidence to suggest the
La protein binds this 3' U-stretch to give stability to the U6 snRNA and allow the core
snRNP to assemble [78, 79]. Another unique aspect of U6 is that it binds a set of proteins
called the Lsm (Like-Sm) proteins, Lsm2-8, in place of the Sm proteins [80]. These Lsm
proteins form a heptamer ring around the 3' U-stretch in the U6 snRNA and share
homology with the Sm proteins [81, 82]. There is some evidence that links the Lsm
proteins to recycling or regenerating snRNPs between rounds of pre-mRNA splicing [83].
Before being transported to nuclear speckles with the other U snRNAs, U6 also visits the
Cajal bodies and nucleolus [84, 85]. Binding of the Lsm proteins to U6 is required to
target the U6 snRNA to the nucleolus to undergo base modifications directed by
snoRNPs [85, 86].

B. Nuclear multi-snRNP complexes

SnRNPs are found in other nuclear complexes in addition to those described
during their biogenesis and role in the active spliceosome. In fact, snRNPs often
associate with one another in the nucleus in discrete complexes outside of the
spliceosome. These multi-snRNP complexes are loaded as a large particle when used in
pre-mRNA splicing, in particular the U4/U6.US particle.

1. U4/U6
The U4/U6 di-snRNP was the first multi-snRNP complex to be identified [87].

The importance of this particle became obvious when it was found that disruption of the

12



basepairing between U4 and U6 or cleavage of the individual snRNAs halted pre-mRNA
splicing [88]. The basepaired U4/U6 exists as a 128 particle and contains specific
polypeptides, termed U4/U6-specific proteins, not found on either snRNP alone [89]. A
U4-specific protein, 15.5K, must be bound to U4 before loading of the U4/U6-specific
proteins, suggesting it may be responsible for additional protein loading [90]. p110
(SART?3) has been identified as the protein responsible for annealing free U6 snRNP with
U4 to form the di-snRNP complex [91]. This is an important process to create functional
U4/U6 particles between rounds of pre-mRNA splicing. The formation of these U4/U6
particles occurs in Cajal bodies, a conclusion based on the results of microscopy and
mutation studies [92, 93].
2. U4/U6.US tri-snRNP

A U4/U6.US particle was originally isolated using immuoaffinity and
sedimentation centrifugation [94]. This tri-snRNP particle was found to be about 25S
and could not be reconstituted by mixing free US particle with the 12S U4/U6 particle.
This is because the tri-snRNP contains proteins only associated with the U4/U6.U5
particle and not with any individual snRNP alone [94, 95]. It is thought that assembly of
this U4/U6.US tri-snRNP occurs in the Cajal bodies. Using RNAi to knock down
specific U4/U6 or US proteins prevents the assembly of the tri-snRNP, while
accumulating assembled U4/U6 particles in the Cajal bodies [96]. Recent reports have
described a tri-snRNP assembly factor associated with U5 [97]. Interestingly, this protein
is associated with the free U5 particle, but is not found associated with the 258S tri-
snRNP. It is suggested that this protein participates in loading U5 and the tri-snRNP

specific proteins onto U4/U6 then is released from the complex. Other studies have
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elucidated a complete protein-protein interaction map of the tri-snRNP by doing a series
of yeast-two-hybrid screens [98]. Evidence suggests that the US interaction with U4/U6
is based solely on protein-protein contacts, as no RNA-RNA interactions could be
detected.
3. Pseudospliceosome

A large complex containing four of the snRNPs, U2, U4, US and U6, has been
isolated from HeLa cell nuclear extract [99, 100]. This complex, termed the
pseudospliceosome is formed in the presence of ATP and incubation at 30°C, conditions
similar to those used for in vitro splicing assays. Other research suggests the
pseudosplicesome forms due to the presence of a 5' splice site [99]. However, Ul is
dispensable for the formation of the U2/U4/U5/U6 complex. The pseudospliceosome,
although similar to the B splicing complex (see below), is unique from bona ﬁde splicing
complexes based on native gel mobility shifts and salt conditions used for isolation [100].
C. Other nuclear snRNP complexes

Using less stringent conditions to isolate snRNPs and their associated proteins
allows the characterization of several other nuclear complexes. These particles show the
association of multiple snRNAs or snRNP-proteins with non-snRNP proteins in large
complexes.
1. SMN

The SMN protein is responsible for assembling snRNP particles in the cytoplasm
and mutant forms of the SMN protein are the causative agent of spinal muscular atrophy
(SMA) [54, 101, 102]. A complex involving the full length SMN polypeptide and

several other proteins was originally identified in the nucleus, in a novel nuclear structure
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termed a gem (for "gemini of Cajal bodies") [103]. As this nuclear SMN complex was
characterized it was found that the complex consisted of SMN, gemins 2-8, Sm core
proteins and several of the hnRNP proteins [104-106]. Other interacting proteins in an
SMN complex can be detected using less stringent salt conditions for isolation [23, 107].

In the nucleus, the SMN protein can be found in at least three distinct complexes
distinguished in sedimentation and chromatography experiments: an 18S complex, a 20S
complex and a complex > 20S [108]. The protein composition of the 20S complex
contains SMN, gemins2-4, and a subset of the Sm core proteins. It is now thought that
the >20S SMN complex represents the SMN complex in its entirety, including the other
gemin and Sm core proteins not found in the 20S complex. The full composition of the
18S SMN complex has yet to be investigated [108].

It is of some contention whether the full nuclear SMN complex contains the U
snRNAs. Some reports using immunoprecipitation assays at high salt failed to find the U
snRNAs with a nuclear SMN complex [103, 108]. Xu et al. however, showed that a
GST-SMN fusion protein did pull-down all 5 U snRNAs used in pre-mRNA splicing as
well as U7 snRNA from nuclear extract [72]. It was also demonstrated that SMN
interacts with coilin, which associates with the snRNAs [72]. There is strong evidence
that the SMN interaction with snRNAs may be sensitive to the high salt conditions of the
earlier reports. It also should be noted that proteins present in the SMN complex,
gemin3 and gemin4, have been found in complexes with unidentified small nuclear
RNAs of several hundred nucleotides or U snRNAs [109, 110]. Whether these snRNA
complexes are truly exclusive of the nuclear SMN complex or are only the result of using

less stringent isolation conditions remains to be investigated.
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Although the role of SMN and the SMN complex in the cytoplasm has been well
documented in assembling nascent U snRNAs into functional snRNP particles, their role
in the nucleus is open to speculation. Antibodies against the SMN protein inhibited pre-
mRNA splicing only when pre-incubated with nuclear extract using an in vitro splicing
assay [111]. Similar antibody inhibition experiments showed that antibodies against
SMN prevented active splicing complexes from forming [108]. These results suggested
that the SMN protein was responsible for either assembling or delivering snRNPs to the
spliceosome to form active splicing complexes. This is further backed by the association
of the SMN complex with several required splicing factors [106, 112]. There is also
evidence to suggest that SMN interacts with coilin in the Cajal bodies, possibly indicating
a role in modifying or assembling nascent snRNPs [113]. In the nucleus, SMN has taken
on the moniker of "master assembler" due to its interaction with many different types of
small, nuclear RNPs [72, 114-118].

2. Penta-snRNP

Stevens et al. introduced a new model for spliceosome assembly by identifying
and characterizing a complex termed a penta-snRNP [119]. Using S. cerevisiae, it was
found that a 45S complex could be isolated containing all 5 snRNPs, with the snRNAs in
a stoichiometric ratio, that is equal amounts of each of the 5 snRNAs were found in the
45S complex. Furthermore, it was found that when the both the protein and snRNA
components of snRNPs were labeled, the penta-snRNP complex did not exchange a
snRNP in the penta-snRNP for free snRNPs in the extract. This penta-snRNP complex
was able to excise an intron from an exogenous pre-mRNA in a cell-free system when

complemented with nuclease treated yeast extract. The penta-snRNP complex
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contained the Sm core proteins and the snRNP specific proteins. Interestingly, the penta-
snRNP also contained other splicing factors, including all 8 members of the Prp19
complex, a complex important for formation of an active spliceosome from early splicing
complexes [120, 121]. Using these findings, it was suggested that the penta-snRNP
represented a pre-formed spliceosome that could assemble immediately onto a pre-
mRNA when encountered.

Other studies in Schizosaccharomyces pombe found a similar penta-snRNP
complex [122]. Yeast extracts were subjected to sedimentation on glycerol gradients and
fractions containing 5 snRNAs were immunoprecipitated by antibodies against two
splicing factors, Prp1 and Prp 31. These two proteins were shown to be in a pre-
spliceosomal complex with 5 snRNAs. Interestingly, several studies indicate there may
be a similar mammalian penta-snRNP complex [123, 124]. Using HeLa NE, it was found
that U1l snRNA paired at the 5' splice site in a large complex containing all 5 snRNAs,
and that this association was abolished when a mutated splice site was used or Ul was
degraded [123]. Using a co-transcriptional/splicing assay in human A431 cells,
Listerman et al. found that both U1 and U5 snRNP specific proteins could be present on a
nascent pre-mRNA after only the 5' splice site in the pre-mRNA had been transcribed.
[124]. This transcripition/splicing assay relied on chromatin immunoprecipitation
techniques. Antibodies against known splicing factors and/or snRNP specific proteins
were used to immunoprecipitate a nascent mRNA still attached to the DNA template by
RNA Pol II. By using a series of reverse transcription primers, the researchers could
determine where on the gene the RNA polymerase was located. The key result from

these experiments was that antibodies against U5 (and U1) were able to precipitate the
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nascent RNA, even though the RNA polymerase had not transcribed the branchpoint or 3'
splice site fo the gene. The association of U1 and US with the §' splice site before
transcription of the 3' splice site suggests a multi-snRNP mammalian complex for
spliceosome assembly.
3. PCC

Further evidence for a mammalian penta-snRNP was provided by the isolation of
a complex containing all 5 snRNAs from HeLa nuclear extract using low salt conditions
[110]. This complex is called the PCC (PSF-containing complex) and contains many
RNA processing factors in addition to the snRNAs, snRNP proteins and PSF (PTB-
associated splicing factor). Proteomics uncovered the presence of many hnRNP proteins,
SMN, gemin4, RNA helicases, pre-mRNA splicing factors, several transcription factors
and most important for our studies, galectin-3. PCC is formed in the absence of pre-
mRNA and under incubation conditions that do not allow active spliceosomes to form.
Using velocity sedimentation, Peng et al [110] found the size of the PCC to be near 60S,
similar to the size of a spliceosome [125]. It is suggested that the PCC may represent a
pre-formed pre-spliceosome containing all 5 snRNAs. Since the PCC contains
components of both the above described SMN complex and the penta-snRNP, it is
possible that the PCC represents an assembly of the penta-snRNP with or by the SMN
complex. However, there is currently no functional evidence to suggest how PCC, penta-

snRNP and the nuclear SMN complex relate to each other.
III. Pre-mRNA splicing

A. Spliceosome
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Pre-mRNA splicing is an essential process for eukaryotic cells. Newly
transcribed pre-mRNA undergoes splicing to remove intervening sequences (introns).
Pre-mRNA splicing is carried out by a large complex consisting of both RNA and many
proteins, termed the spliceosome [126]. This process uses two transesterification
reactions to excise an intron and join two exons. The pre-mRNA contains important
information regarding the splice sites in its sequence. The most critical sequence motifs
are absolutely conserved: a $' splice site, a 3' splice site and a branchpoint adenine [127-
129]. Other pre-mRNA sequences, such as the polypyrimidine tract and splicing
silencers and enhancers, also play a role in identifying the correct splice sites, but these
can vary between gene transcripts.

The 5 U snRNAs are members of the spliceosome as snRNPs and serve an
important role for basepairing the pre-mRNA at the correct sites [130]. Attempts at
cataloging the proteins in or associated with the spliceosome have shown over 300
distinct polypeptides involved in this large complex [131]. The numerous protein
components and 5 described snRNPs involved with the spliceosome suggest a large
assembly. Active spliceosomes have been sedimented to 60S, confirming the magnitude
of this complex [125]. There is some evidence that spliceosomes may oligomerize
forming even larger supraspliceosomes of 200S [123, 132] .

The process of pre-mRNA splicing is ATP-dependent. This is likely due to the
numerous RNA helicases involved in pre-mRNA splicing, as the actual chemical
reactions necessary for intron removal are energetically favorable [133].

Another important finding is that the spliceosome may be considered another

example of a ribozyme. Using protein-free RNA fragments of U2, U6 and branchpoint
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RNA the products of the first transesterification reaction can be detected, suggesting only
the properly assembled RNA components of the spliceosome are needed for the reaction
[134, 135]. Protein components of the spliceosome may serve such roles as a scaffold for
loading the snRNPs correctly, unwinding RNA to assure proper base-pairing or recruiting
other factors necessary for mRNA processing following pre-mRNA splicing. In addition,
protein components of the spliceosome play important roles in alternative splicing by
helping choose the correct splice site [136, 137].

B. Assembly

The canonical model of spliceosome assembly is termed the step-wise assembly
model. It entails the addition of U snRNPs in an ordered, sequential fashion [138].
Because of this ordered addition of factors, distinct complexes with varying snRNA and
protein components can be isolated. The common feature in all these complexes is that
they are formed on a pre-mRNA. These distinct complexes were most often found using
a cell-free splicing system and were originally described by their mobility in native gel
electrophoresis [139].

The first snRNA containing complex in the step-wise assembly model is the E, or
early, complex. In yeast, it is commonly referred to as the commitment complex, CC
[128]. This complex forms in the absence of ATP and at temperatures as low as 4°C.
The key feature of this complex is the base-pairing of U1 snRNP to the 5' splice site
[140]. In addition to the base-pairing of the Ul snRNA to the 5' splice site of the pre-
mRNA, many important protein-pre-mRNA contacts are detected as well [141]. There is
good evidence that the specificity of the U1 interaction at the 5' splice site may be due in

part to protein-RNA interactions in addition to the Ul-pre-mRNA base-pairing [142]. In
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addition, the U2 snRNP may be present in the early E complex; however, it has not yet
base-paired with the pre-mRNA [143, 144]. 1t is currently not known if specific protein
contacts on the pre-mRNA are necessary before the loading of U1 in the E complex.
Kent et al. have data to suggest an even earlier complex in the spliceosome assembly
pathway, termed the E' complex, which may represent a precursor to the E complex
[145]. This E' complex contains the Ul snRNA bound to the pre-mRNA at the 5' splice
site but lacks U2AF, a protein component of the E complex.

The spliceosome then proceeds to the ATP-dependent A complex. In this
complex, U2 snRNA binds to the branchpoint sequence [146, 147]. The ATP-
dependence is due to UAP56, a member of the DExD/H-box helicase family of proteins.
UAPS6 is required for the association of U2 with the pre-mRNA branchpoint [148].
There is some evidence to suggest that UAP56 is actually removing other proteins from
the branchpoint sequence, allowing U2 to bind there, as opposed to changing the RNA
structure of U2 [149]. Other proteins also add at this complex, including some that may
allow U1 and U2 to associate through a protein bridge [150, 151]. Recent studies have
also shown that the ends of the Ul and U2 snRNAs are in proximity with one another at
this stage of assembly, which may be another mechanism of communication between
snRNPs in the spliceosome [152].

The next complex to form on the pre-mRNA is the B complex. This occurs with
the addition of the tri-snRNP (U4/U6.US) [153]. The spliceosome now contains all 5
snRNAs; however it is not catalytically active. To become catalytically active, U4/U6
must unwind its basepairing and U1 must be displaced from the 5' splice site. The 5'

splice site is then free to pair with U6. There is also evidence to suggest that U5 makes
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ATP-dependent contacts at the 5' splice site and 5' exon, even before Ul leaves the
complex [154, 155]. However, it is the switch of basepairing from U1 to U6 at the 5'
splice site that is thought to be catalytically important [133]. Afterwards, U1 and U4 are
both released to form the active spliceosome, termed the C complex.

For the unwinding of U4 and U6 to happen in the B complex more RNA helicases
are required [156]. It is also thought that this unwinding requires ATP. Without the
unwinding of U4/U6, splicing cannot proceed presumably because U6 cannot switch for
Ul at the 5' splice site [157]. It is also at the B complex where the Prp19 complex, also
identified in the penta-snRNP, adds to the spliceosome [121, 158]. The switch to the
active catalytic spliceosome is thought to occur when U6, now at the 5' splice site, pairs
with U2. With U6 positioned at the 5' splice site and U2 at the branch point, the pairing
of U2 and U6 brings the participants in the first transesterification reaction in proximity.
The U2/U6 complex adopts a structure of a four-helix junction, involving U2-U6
intermolecular helices I, II, III and an U6 intrastemloop (ISL) [159]. Interestingly, this
structure bears great similarity to the structure of a group II self-splicing intron [160].
The U6 intra-stem loop contains the base critical for binding the necessary Mg?* involved
in splicing catalysis [161]. The structure of the pairing of U2 and U6 at the $' splice site
also suggests that catalysis of pre-mRNA splicing is due to RNA, as experimental
evidence has suggested [134, 160]. Conserved bases on U6 are essential for both
transesterification reactions [162, 163]. US seems to serve a more structural role, by
contacting both exons and keeping them in proximity for the second transesterification
reaction to occur [155, 164]. This idea is supported by making deletion or insertion

mutants in an invariable loop of U5 and testing these mutants by in vitro splicing assays.
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These US mutants led to defects in splicing, due to misalignment of the exons in the
splicing reaction [165]. The US particle also undergoes remodeling with respect to its
protein components during spliceosome activation, although the significance of this is not
yet understood [166].

An alternative model of spliceosome assembly using the previously described
penta-snRNP has been proposed [119]. The penta-snRNP could load onto a pre-mRNA
at once, containing all 5 snRNAs and many necessary splicing factors. This penta-
snRNP addition would resemble the B complex of the step-wise addition, with respect to
snRNA composition. For the penta-snRNP assembled on the pre-mRNA, all that would
be necessary is snRNA unwinding and correct base-pairing (plus additional necessary
protein contacts, if any) to proceed to the catalytic spliceosome [167, 168]. These two
models of spliceosome assembly are not necessarily mutually exclusive [169]. It may be
the case that either is capable of carrying out pre-mRNA splicing and both mechanisms
of assembling spliceosomes may be used in vivo [110].

C. Proteomics

Recently, there have been several attempts to characterize the protein components
of spliceosomes using tandem mass spectrometry. Rappsilber et al. used two different
biotinylated pre-mRNA substrates and gel filtration to analyze a mixture of spliceosomal
complexes [131]. Similarly, Zhou et al. used two different pre-mRNA substrates each
containing an affinity sequence for the MS2 viral coat protein [170]. These selected
complexes were than separated by gel filtration chromatography. These two large
proteomic studies used conditions that allowed the pre-mRNA to be associated in many

spliceosomal complexes. Subjecting the isolated complexes to tandem mass
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spectrometry, these studies identified approximately 300 [131] and 150 [170] unique
proteins associated with the spliceosome, respectively. The most striking result however,
was the association of many proteins not before linked to pre-mRNA splicing [171].
Included in this group are transcription factors, translation factors, histone acetyl-
transferases and many ribosomal proteins.

Other proteomic studies have attempted to isolate a single spliceosomal complex
by stopping spliceosome assembly at a distinct step. Makarov et al. assembled B
complexes and immunoselected them with an antibody against a specific B complex
factor [166]. Further purification of this complex and subsequent tandem mass
spectrometric analysis identified approximately 100 proteins associated with the
spliceosomal B complex. Fewer novel proteins were identified than previous studies.
From the identified proteins, the researchers concluded that they indeed had isolated a
pure B complex due to the lack of identified C complex proteins. A second major
discovery was a significant rearrangement of the 35S US particle upon addition to the
spliceosome. This included dissociation of numerous proteins from the U5 particle after
US had bound the spliceosome, indicating a subset of snRNP proteins interacts with U5
outside of the spliceosome, but not in the spliceosome [166]. A second complex isolation
was performed by Jurica et al of the catalytically active C complex [172]. These
complexes were isolated by affinity selection and size exclusion chromatography.
Important in this study was the finding of unique C complex proteins. These proteins
associated with the spliceosome only in the active C complex, as opposed to ATP-

independent early complexes.
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Finally, recent attempts have been made to characterize spliceosomes under
"physiological conditions" [173, 174]. Isolation procedures that lack heparin and use
lower salt concentrations in buffers were performed. These are unique in that previous
studies employed both heparin and salt concentrations ranging from 100 to 250 mM NaCl
[131, 166, 170]. The B complex was isolated and characterized under conditions of
lower salt and lacking heparin [173]. Similarly, the pre-spliceosomal A complex was
purified and submitted to tandem mass spectrometry [174]. In addition to finding many
of the same proteins identified previously, these studies did find heretofore unidentified
proteins associated with the spliceosome. This leads one to believe that by changing
isolation conditions, unique proteins may be found that were missed during the early
studies. However, the true significance is somewhat uncertain as the authors argue that
some of the identified proteins are probably contaminants due to the low stringency
conditions [173] . A new in vivo method of isolating spliceosomes from chicken and
human cells has recently been used [175]. This technique involves adding a tandem-
affinity purification (TAP) tag to the SmD3 protein at the native genomic location [176].
This tagged native protein and its associated proteins and RNA were then isolated using
the developed affinity tag and the resulting complexes were subjected to glycerol gradient
sedimentation followed by tandem mass spectrometry. This method allowed the
identification of splicing complexes assembled in vivo. The most striking result from this
study was the identification of numerous nuclear proteins not isolated by the cell-free
splicing system applied earlier [131, 170]. However, many of these newly identified
proteins have functions outside of pre-mRNA splicing (such as nuclear transport and 3'

mRNA processing) and probably reflect the full life-cycle of the mRNA in the nucleus
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[175]. Relatively few new splicing factors were identified in comparison to previous
proteomic studies. In conclusion, the results serve as a reminder of the closely coupled
nature of RNA biogenesis and processing in vivo. Other reports also indicate a close
linking of pre-mRNA splicing, transcription and RNA processing [124, 177, 178].
IV. Galectins and pre-mRNA splicing

Numerous lines of evidence have supported the idea that Gall and Gal3 are
redundant pre-mRNA splicing factors. For example, experimentation has shown co-
localization of the galectins with known splicing factors, sedimentation of Gal3 with
RNP complexes, depletion and reconstitution of cell free splicing assays and association
of galectins with known splicing factors [22-25, 179]. Recently, antisera against Gall
and Gal3 have been used to immunoprecipitate complexes in an in vitro splicing reaction
[180]. Co-precipitated with the respective galectin proteins were all the mRNA species
expected in a splicing reaction; pre-mRNA, mRNA, excised intron-lariat and
intermediates. As well as the RNA components, splicing factors such as the Sm core
proteins and Slu7 also were co-precipitated, suggesting that the galectins were interacting
with the assembled spliceosome. Other important findings were that galectins do not
bind RNA directly, the interaction between the galectins and the spliceosome was
sensitive to salt conditions and Gall and Gal3 existed in mutually exclusive spliceosomes
[180].

In addition to the association of galectins with the spliceosome, there are
indications that Gall and Gal3 may interact with splicing factors or the splicing
machinery outside the assembled spliceosome. Key points of evidence include the

galectin association with the SMN protein in nuclear extracts and the sedimentation of
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Gal3 in cesium sulfate gradients with RNP complexes [23, 179]. Both these studies lack
the exogenous pre-mRNA scaffold necessary for cell-free splicing. Finally, galectin
association with the spliceosome appears to be at a very early step in spliceosome
formation based on two observations; one, when extracts are depleted of galectins, active
splicing complexes cannot form and two, antibodies against the galectins can
immunoprecipitate pre-mRNA from early complexes almost immediately after adding the
pre-mRNA scaffold [25, 180]. Taken as a whole, these data suggest the possibility that
galectins may interact with splicing factors outside the spliceosome and load onto the

pre-mRNA with other necessary early factors.
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Chapter 2
Physico-chemical characterization of galectin-3-snRNP complexes and a

role in pre-mRNA binding

ABSTRACT

Previously, we showed that galectin-1 and galectin-3 are redundant pre-mRNA
splicing factors associated with the spliceosome throughout the splicing pathway. Here
we present evidence for the association of galectin-3 with snRNPs outside of the
spliceosome. Immunoprecipitation of HeLa nuclear extract using buffers optimal for in
vitro pre-mRNA splicing with anti-galectin-3 resulted in the coprecipitation of the 5
snRNAs needed for pre-mRNA splicing, snRNP proteins and other RNA processing
factors including the SMN protein and PSF. Galectin-3 also co-sedimented with snRNP
complexes when nuclear extract was fractionated on glycerol gradients. This co-
sedimentation represents bona fide galectin-3-snRNP complexes as immunoprecipitation
of gradient fractions with anti-galectin-3 yielded both snRNA é,nd associated proteins. In
particular, one fraction at approximately 10S showed an association of galectin-3 with Ul
snRNP that was sensitive to treatment with ribonuclease A. We tested the ability of this
Ul particle to recognize an exogenous pre-mRNA substrate. We found this isolated
galectin-3-U1 snRNP particle was sufficient to load galectin-3 onto the pre-mRNA
substrate under conditions that allow early splicing complexes to form. These data
suggest a mechanism for the entry of galectin-3 into the pre-mRNA splicing pathway and
describe a new class of polypeptides associated with spliceosomal snRNPs.

INTRODUCTION
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Pre-mRNA splicing involves nearly 300 proteins and 5 snRNAs [1-4]. These
components are assembled into the machinery used to perform the splicing chemistry of
intron removal and exon ligation. The canonical model for the assembly process involves
the stepwise addition of the snRNPs into early, commitment and active complexes. Ul
snRNP assembles onto the pre-mRNA at the 5’ splice site in the absence of ATP.
Addition of ATP allows U2 snRNP to recognize U2AF at the branchpoint and form a
stable commitment complex. Finally the U4/U6.US tri-snRNP particle binds at the 3’
splice site resulting in the active spliceosome [5, 6]. In addition, various protein
cofactors are differentially incorporated into the complexes and then disassemble once an
intron is removed and exons are ligated. In this step-wise assembly model, individual U1
and U2 snRNPs recycle directly while U4, U5 and U6 must reassemble into the tri-
snRNP for reutilization in subsequent rounds of splicing.

Recently another model of spliceosome assembly has been described. In this
model, a large complex containing all 5 snRNPs and many splicing proteins assembles in
the absence of a splicing substrate scaffold [7-9]. This penta-snRNP complex then
assembles onto the splicing substrate. A series of remodeling events with addition and
release of other proteins ensues to generate the catalytically active spliceosome.
Following splicing chemistry and release of products, the unit either remodels to form an
active penta-snRNP complex or disassembles before reforming another penta-snRNP
particle.

We have shown previously that galectin-1 (Gall) and galectin-3 (Gal3) were
required and redundant splicing factors using a cell free splicing assay. The key findings

were: (a) depletion of both galectins from HeLa nuclear extracts (NE) abolished splicing
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activity and blocked spliceosome formation at an early complex; (b) both splicing activity
and spliceosome formation were restored by addition of recombinant Gall or Gal3; (c)
each galectin was a component of early and active splicing complexes as determined by
co-immunoprecipitation of splicing substrate at early times and all mRNA species as they
appeared in active complexes by galectin-specific antisera; (d) each galectin was
incorporated into spliceosomes in a mutually exclusive manner and (e) neither galectin
bound directly to the pre-mRNA substrate [10-12].

How are galectins assembled into early splicing complexes? In this manuscript
we report that in the absence of splicing substrate, Gal3 is associated with several snRNP
particles and, in particular, the Ul snRNP under conditions of the in vitro splicing assay.
We present evidence that one mechanism of Gal3 incorporation into the splicing pathway
is mediated by the U1 snRNP particle.

MATERIALS AND METHODS
Antibodies

Polyclonal rabbit antibodies directed against Gal3 [13] have been previously
described. These antibodies were covalently cross-linked to protein A-Sepharose CL-4B
beads (Amersham Biosciences) as previously described [11] using a 2:1 ratio of
antiserum to protein-A beads. A mouse monoclonal antibody against trimethylguanosine
(TMG; K121) was purchased as an agarose bead conjugate (Calbiochem). These
antibodies were used for immunoprecipitation experiments.

For immunoblotting, polyclonal rabbit antibodies against Gall have been
described previously [12]. The following antibodies were purchased for immunoblotting:

Affinity purified rabbit anti-PSF (PTB-associated splicing factor), goat anti-Slu7 (Santa
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Cruz Biotechnology); rabbit anti-TFII-I, rabbit anti-Gemin4 (Bethyl Laboratories);
mouse monoclonals anti-SMN (survival of motor neurons protein) and anti-Ran (BD
Transduction Laboratories); mouse monoclonal anti-U1-70K (Synaptic Systems); and
human autoimmune sera ENA anti-Sm (The Binding Site). Rabbit anti-RAP30 was a
kind gift from Dr. Zach Burton (Michigan State University). Rabbit anti-Gal3, rat
monoclonal anti-Mac2 [14], or mouse monoclonal NCLGAL3 (Vector Laboratories)
were used for blotting Gal3 protein. Primary mouse monoclonal antibodies were detected
by goat anti-mouse IgG light chain specific-HRP (horseradish peroxidase) conjugates
(Jackson ImmunoResearch Laboratories). When blotting the bound fractions of
immunoprecipitation experiments, primary polyclonal rabbit blotting antibodies were
probed with secondary monoclonal mouse anti-rabbit IgG light chain specific-HRP
conjugates (Jackson ImmunoResearch Laboratories). All other secondary antibody-HRP
conjugates (Pierce Biotechnology) were directed against both the heavy and light chains
of the primary blotting antibodies.
Polyacrylamide gel electrophoresis and western blotting

For protein analysis, samples were subjected to 10% or 12% SDS-PAGE as
described by Laemmli [15]. Proteins were electrophoretically transferred from the gel
onto Hybond nitrocellulose membrane (Amersham Biosciences) in transfer buffer (25
mM Tris, 193 mM glycine and 20% methanol, pH 8.3). Following transfer, membranes
were blocked overnight in 10% nonfat dry milk in Tris-buffered saline containing Tween-
20 (10 mM Tris, pH 7.5, 0.5 M NaCl, 0.05% Tween 20, T-TBS). Primary antibodies for
immunoblotting were diluted in 1% milk-T-TBS and incubated on the membrane for 1

hour at room temperature. After washing four times, 15 minutes each, in T-TBS, the
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appropriate secondary antibody conjugated to HRP was added in 1% milk-T-TBS for 1
hour. Following four T-TBS washes as above, proteins were visualized using the
Western Lightning Chemiluminescence System (Perkin Elmer Life Sciences).

For RNA samples, the RNA was extracted as described below and precipitated
with 3 volumes of ethanol at -80°C. The precipitated RNA was dissolved in 10 ul of
sample buffer (9:1/formamide:bromophenol blue) and subjected to electrophoresis
through 13% polyacrylamide (bisacrylamide—acrylamide 1.9:50 [wt/wt])-8.3 M urea gels,
run in 1X TBE (90 mM Tris base, 90 mM boric acid and 2.5 mM EDTA, pH 8.0). The
radioactive RNA species were revealed by autoradiography. For northern analysis the
RNA was transferred via wicking in 20X SSC (3 M NaCl, 0.3 M sodium citrate)
overnight onto a nylon membrane (Hybond-N, Amersham Biosciences) and cross-linked
by exposure to UV light (1200 pJoules).

Immunoprecipitation

Nuclear extract was prepared as described by Dignam et al. [16] from HeLa S3
cells obtained from the National Cell Culture Center (Minneapolis, MN) and was
dialyzed into buffer D (20 mM HEPES, pH7.9, 100 mM KCl, 0.2 mM EDTA, 0.5 mM
DTT, 20% glycerol). HeLa NE (30 ul) was incubated with 3 mM MgCl,, 0.5 mM ATP
and 20 mM creatine phosphate in a 50 ul reaction at 30° C for 30 minutes before use in
immunoprecipitations [17]. After incubation, the reaction was diluted in 0.5 ml 60%
buffer D (D60) with 0.05% Triton-X 100 (TX) and incubated with 15 - 20 pl of antibody
coupled protein-A beads for 1 hour at 4°C with rocking. The beads were then washed
with 1 ml D60+0.05% TX three times and eluted twice with 20 pul SDS-PAGE sample

buffer. The elution was divided into two aliquots for analysis of proteins and RNA.
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RNA was extracted by treating the sample with proteinase K (4 mg/ml final
concentration) at 37°C for 20 minutes and diluting to 100 pl with 125 mM Tris (pH 8), 1
mM EDTA, 300 mM sodium acetate. RNA was extracted by mixing with 200 pl of
phenol—chloroform (50:50 [vol/vol]), followed by 100 ul of chloroform.

For immunoprecipitation with anti-TMG, 20 pl antibody beads were mixed with
40 pl of pre-incubated NE for 1 hour at 4°C with rocking. Beads were washed 3 times
with 0.5 ml D60+0.05% TX and eluted with 20 ul of 2X SDS sample buffer. Protein-G
agarose beads without antibody were used as a negative control. Protein analysis was
carried out with 15 pl of the eluted material as described above. For the sequential
immunoprecipitation, 25 pl of the coupled anti-TMG beads were incubated with 50 ul of
pre-incubated NE and treated as above. The beads were eluted twice with 15 pl 5 mM
cap structure analog (m’G(5")ppp(5")G; New England Biolabs) in D60. The elutions were
combined and mixed with 20 pl of anti-Gal3 coupled beads and immunoprecipitation was
carried out as above. The bound material was eluted with 40 ul 2X SDS sample buffer
and proteins were analyzed as described above.
Northern analysis

The following oligonucleotides were synthesized at Research Technology Support
Facility at Michigan State University: Ul: TCCCCTGCCAGGTAAGTATC, U2:
TTAGCCAAAAGGCCGAGAAGCGAT, U4: GGGGTATTGGGAAAAGTTTTC, Us:
GATTTATGCGATCTGAAGAGAAACC, U6: TTCTCTGTATCGTTCCAAT, SS
rRNA: TTCAGGGTGGTATGGCCGTAGAC. The oligonucleotide probes were labeled
with *2POy using T4 Polynucleotide Kinase (Invitrogen). The cross-linked nylon

membrane was pre-hybridized in 20 ml of hybridization solution containing 20%
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deionized formamide, 3X SSC, 5X Denhardt's, 50 mM Na,HPO4/NaH,PO,, pH 6.8, 0.1%
SDS and 0.1 mg/ml heat denatured herring sperm DNA for about 2 hours at room
temperature. After pre-hybridization, the appropriate **P-labeled probes (~2 pmol) were
added to the hybridization solution and the membrane was hybridized overnight (~16
hours) at room temperature. The membrane was then washed once with 30 ml 2X SSC +
0.1% SDS at room temperature for 20 minutes. Northern hybridization was quantitated
by phosphorimage analysis (Molecular Dynamics).
Glycerol gradient

For glycerol gradient sedimentation, a 250 pl reaction containing 150 pl HeLa
NE, 3 mM MgCl,, 0.5 mM ATP and 20 mM creatine phosphate was incubated for 30
minutes at 30°C and loaded onto a 5 ml 12-32% glycerol gradient in D60 (minus
glycerol). The gradient was centrifuged in a Beckman SW50.1 rotor at 44,000 rpm, at
4°C for 3.5 to 4 hours. Gradient fractions were collected manually as 250 pul aliquots
from the top. For RNA and protein analysis, 10% of each fraction was subjected to gel
electrophoresis and analyzed as described above. Size markers separated on parallel
gradients include immunoglobulin G (7S), thyroglobulin (19S) and post-nuclear
supernatant for ribosomal subunits (40S and 60S).
Gradient complexes

For immunoprecipitation experiments from gradient fractions, 200 pl of the
indicated fractions were pooled and the total volume brought up to 600 ul with D60. The

total reaction was incubated with 20 ul antibody coupled beads at 4°C for 1 hour with

rocking, washed 5 times with 0.5 ml D60+0.05% TX and eluted with 40 ul 2X SDS
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sample buffer. The elutions were split into 20 pl aliquots and analyzed for protein and
RNA as described above.

To test ribonuclease (RNase) sensitivity of gradient complexes, 50 ul of the
pooled indicated fraction were treated with 2 pg RNase A for 30 minutes at 30°C, after
which it was mixed with 15 pl anti-Gal3 coupled beads for 1 hour at 4°C with rocking in
0.5 ml D60+0.05% TX. The beads were washed S times with 0.5 ml binding buffer and
eluted with 30 pl 2X SDS sample buffer.

To test the association of Gal3 with pre-mRNA substrate the indicated pooled
fractions were subjected to digestion by micrococcal nuclease. Each reaction assembled
included 45 pl of pooled fractions 3 and 4, 3 mM MgCl,, 4 mM CaCl, and 4000 gel units
of micrococcal nuclease (New England Biolabs). Control reactions without micrococcal
nuclease were supplemented by equal volumes of D60. Reactions were incubated at
37°C for 30 minutes. Micrococcal nuclease activity was stopped by adding EGTA to a
final concentration of 8 mM. MINX pre-mRNA has been described previously and the
plasmid containing this construct was a gift from Dr. Sue Berget (Baylor College of
Medicine, Houston, TX) [18]. The MINX pre-mRNA was labeled with [*2P]GTP and a
monomethyl cap added during in vitro transcription by SP6 RNA polymerase [19]. After
stopping the digestion reaction, *2P-labeled MINX pre-mRNA was added to each tube,
incubated for 15 minutes at 30°C and incubated with 15 ul antibody-coupled beads in 0.5
ml D60+0.05% TX for 1 hour at 4°C with rocking. The beads were washed five times
with 0.5 ml binding buffer and eluted with 40 ul 2X SDS sample buffer. Bound MINX
pre-mRNA was detected by subjecting an aliquot of the bound material to

electrophoresis, as described above, drying the gel and phosphorimage analysis.
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RESULTS
Galectin-3 is associated with snRNPs in the absence of splicing substrate

NE was incubated without splicing substrate at 30 °C with ATP for 30 minutes to
disassemble endogenous splicing complexes [17]. This NE was then subjected to
immunoprecipitation with anti-Gal3 serum. The bound material was analyzed for
specific RNA species by northern hybridization (Figure 1A). First, anti-Gal3 co-
precipitated U1, U2, U4, US and U6 snRNAs whereas pre-immune serum did not.
Second, 5S rRNA, a prominent RNA species in NE, was not observed at all in the anti-
Gal3 precipitate. Phosphorimage quantitation revealed that, at the most, 0.1% of the
nuclear 5S rRNA was found in the anti-Gal3 precipitated fraction. In contrast,
approximately 2-10% of each of the U-rich snRNAs was co-precipitated by anti-Gal3.
Finally, since the RNA probes for the hybridization were of the same specific
radioactivity, direct comparisons of the U-rich snRNA could be made between any two
lanes of Figure 1A. Such a comparison indicated that the ratios of the snRNAs in the
anti-Gal3 precipitate were different from the corresponding ratios in the NE subjected to
precipitation. For example, the ratio of U4 to US snRNA in the input is 2.3, but in the
ant-Gal3 bound material, this ratio changes to 4.8 (see lanes 1 and 3; Fig. 1A). All of
these results suggest that the association of snRNAs with the anti-Gal3 precipitate was
specific.

A similar conclusion regarding the specificity of the anti-Gal3 precipitation was
obtained through analysis of protein components by western blotting (Fig. 1B). In

addition to its cognate antigen, anti-Gal3 co-precipitated several key proteins that were
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Figure 1. Analysis of nuclear RNA and proteins immunoprecipitated by anti-Gal3.
NE was pre-incubated as described in Materials and Methods. The reaction was then
incubated with antibody-coupled beads, either Gal3 (aGal3) or pre-immune serum (PI).
Panel A shows a northern blot of 25% of the bound material probed with **P-labelled
oligonucleotides complementary to the RNA species indicated on the left. Lane 1: NE
representing 12% of the amount subjected to immunoprecipitation. Lane 2: RNA
species bound by pre-immune serum; lane 3: RNA species bound by anti-Gal3. Panel B
shows western blots of the bound material. Antibodies used to detect the proteins are
indicated at right.
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not found in the corresponding fraction of pre-immune serum. These include: (a) the Sm
core polypeptides B/B' and D of snRNPs and the 70K protein specific to Ul snRNP; (b)
the splicing factor PSF [8] and the general transcription factor TFII-1, both of which have
been recently identified to be in complexes containing Gal3 (P. Voss, J.L. Wang,
unpublished observations); and (c) the Survival of Motor Neuron (SMN) protein. In
contrast, Slu7, a second-step splicing factor, was not detected in the anti-Gal3 precipitate,
ruling out the possibility that anti-Gal3 precipitated any endogenous active spliceosomes
present in the NE. Similarly, the nuclear transport factor Ran was not found in the anti-
Gal3 bound fraction. Finally, the anti-Gal3 precipitate did not contain Gall, a finding
consistent with the mutually exclusive association of either galectin with spliceosomes
that we previously described [12].

To provide additional evidence for the association of Gal3 with nuclear snRNPs
independent of Gal3 immunoselection, snRNPs were affinity purified with antiserum
specific for the trimethyl guanosine cap of U1, U2, U4 and US. This procedure
precipitated all five snRNAs, as determined by ethidium bromide staining of the gel and
by northern hybridization (data not shown). The core Sm B/B’ and D proteins, as well as
Gal3 and Gall, were detected in the anti-TMG bound material (Fig. 2A, lane 3). In
contrast, RAP30, a subunit of the general transcription factor TFII-F, was not detected in
the anti-TMG precipitate (Fig. 2A, lane 3). Neither galectin could be detected in the
bound material from control beads (Fig. 2A, lane 2). Lastly, the anti-TMG selected
snRNPs were eluted with soluble cap analogue and then subjected to further precipitation
by anti-Gal3. Panel B of Figure 2 shows that Sm B/B’ proteins are co-precipitated by

anti-Gal3 antibodies in the sequential immunoprecipitation protocol. Thus, these
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Figure 2. Analysis of proteins immunoprecipitated by anti-TMG. NE was pre-
incubated for 30 minutes at 30°C, then passed over anti-TMG-coupled beads (aTMG) or
naked protein-G agarose beads (Control). Panel A: Western blots of the bound material
for the proteins indicated at right; lane 1; NE represents 20% of the amount subjected to
immunoprecipitation; lane 2, proteins bound by the control beads; lane 3, proteins bound
by anti-TMG beads. Panel B shows the results of a double immunoselection. The pre-
incubated NE was first incubated with anti-TMG beads. The aTMG bound material was
eluted with cap structure analog and then incubated with anti-Gal3 beads. Material from
both the unbound (lane 1) and bound (lane 2) fractions of the anti-Gal3 column was
western blotted for the proteins indicated at right. Approximately 85% of both the
unbound and bound material is shown in Panel B.
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reciprocal co-immunoprecipitation experiments suggest an association of Gal3 with
snRNP complexes, in the absence of any pre-mRNA scaffold.
Galectin-3 is associated with multiple snRNP complexes

Multiple snRNP complexes exist in the nucleus including the U4/U6 di-snRNP
and the U4/U6.US tri-snRNP as well as the mono-snRNPs U1l and U2. Recently,
complexes containing all five snRNPs have been described [7, 8, 20]. In light of the
different ratios of snRNAs immunoprecipitated from NE with anti-Gal3, we hypothesized
Gal3 is associated with complexes containing multiple snRNPs. To test this, pre-
incubated NE was fractioned by glycerol gradient sedimentation and the distribution of
snRNAs and several RNA processing proteins were determined. Both the northern
blotting of U1 snRNA (Fig. 3A) and the western blotting of U1-70K protein (Fig. 3B)
indicate that fractions 3-5 contain the mono U1 snRNP predominantly, consistent with
previous findings that U1l snRNP sediments at about 10S (see Table I) [21]. Fractions at
higher molecular weight (~19S and greater) contained various combinations of the
snRNAs (Fig. 3A).

Several key points should be highlighted regarding the distribution profile of
Gal3, our protein of interest. First, fraction 1 yielded the most intense Gal3 staining, at
the top of the gradient (Fig. 3B). Second, the protein could be detected through fraction
10 (~30S). Finally, although Gal3 was not detected by direct western blotting of an
aliquot of individual fractions beyond fraction 10, we did find the protein at least through
fraction 18 (>60S) after enrichment by anti-Gal3 immunoprecipitation (see below). A

similar observation was made for the Sm core proteins and U1-70K. The distribution of
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Figure 3. Analysis of nuclear RNA and proteins separated on a 12-32% glycerol
gradient. NE was treated as in Figure 1. Reactions were then loaded onto gradients and
centrifuged for 3.5 hours at 44,000 rpm at 4°C. The gradients were fractionated by
collecting 250 jp.l aligouts from the top. Panel A shows a northern blot of 10% of each
fraction using *2P-labelled oligonucleotides specific for each snRNA. Size markers run
in parallel are indicated at the top. Panel B shows western blots of 10% of each fraction
for the proteins indicated at left.
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the SMN protein across the gradient suggests there is little uncomplexed SMN in NE, an
observation made previously [22].

Individual or pooled fractions throughout the gradient were immunoprecipitated
with anti-Gal3 antibodies to determine the distribution of Gal3-containing complexes
(Fig. 4). Panel A shows northern analysis of the immunoprecipitated material using
probes for all five snRNAs; panel B shows the western blotting results for SMN, Ul-
70K, Sm B/B’ and the cognate antigen Gal3. The anti-Gal3 precipitate of pooled
fractions 3 and 4 yielded a single snRNA, U1, and associated proteins Sm B/B' and Ul
70K (lane 3, panels A and B, Fig. 4). This suggests that at least some of the Gal3 in
fractions 3 and 4 was associated with the mono Ul snRNP. On the other hand, the
absence of Ul 70K~protein (Fig. 3B) and the miniscule amount of U1 snRNA in fraction
1, relative to the much more intense U1 bands in fractions 3 and 4 (Fig. 3A), both suggest
that the majority of Gal3 is not associated with a snRNP complex. Consistent with this
notion, fraction 1 yielded no snRNA or other proteins in the anti-Gal3 precipitate (lane 2,
panels A and B, Fig. 4).

The anti-Gal 3 precipitate of fractions 6 and 7 (~19S; lane 4), fractions 9-11 (lane
5), fractions 13 and 14 (>40S; lane 6) and fractions 16-18 at ~60S (lane 7) yielded
multiple snRNAs in various proportions along with Sm B/B’ and U1 70K polypeptides
(Fig. 4). Gal3, the cognate antigen, was found in all immunoprecipitated material. On
the other hand, the 5S rRNA was not detected in the anti-Gal3 precipitated material (data
not shown). All of these results suggest thét Gal3 is associated with numerous and
distinct endogenous snRNP particles in NE. In very high molecular weight fractions

(fractions 10 and beyond), we also found the SMN protein co-precipitated by anti-Gal3
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Table I. Listing of selected RNPs involved in pre-mRNA splicing and reported S values.
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Reported S value

Ul snRNP 108 [21]

U4/U6 di-snRNP 128

(23]

U2 snRNP 178 [24]
US snRNP 208, 35S (25, 26]
U4/U6.US tri-snRNP 258
S. cerevisiae penta-snRNP 458 (71
PCC 50 -60S [8]

[Spliceosome (various complexes) 40 - 60S [3, 26, 27]
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(Fig. 4B). Although these precipitates also contain various snRNAs, we do not know
whether all three components are in the same complex or whether there are separate
complexes.

The U1 snRNP contains the core Sm proteins and the Ul-specific proteins 70K,
Al and C1 assembled onto the Ul snRNA. Our hypothesis was that the association of
Gal3 with Ul snRNP would be dependent on the integrity of the Ul snRNA. To test this,
pooled material from fractions 3 and 4 was immunoprecipitated with anti-Gal3 before
and after RNase A treatment. Fig. 5 shows that co-precipitation of the U1-70K protein
by anti-Gal3 is abolished following degradation of Ul snRNA (compare lane 3 to lane 2).
In contrast, the co-precipitation of the SMN protein from fractions containing large
snRNA complexes was unaffected by RNase A treatment (Fig. 5, lanes 4 and 5). As
expected, the immunoprecipitation of Gal3 itself is unaffected by RNase A treatment
(data not shown).
The Ul snRNP mediates the loading of Gal3 onto pre-mRNA

The binding of U1 snRNP to the pre-mRNA substrate at the 5' splice site results
in the formation of the early (E) complex in spliceosome assembly [18, 28, 29]. We had
previously documented that either Gall or Gal3 is associated with E-complexes [12].
Thus, our present findings that at least some Gal3 is bound to Ul snRNP prompted the
question whether such Gal3-containing U1 snRNPs in fractions 3 and 4 could bind to **P-
labeled pre-mRNA substrate under conditions that lead to E complex formation. Fig. 6
shows that, in the presence of fractions 3 and 4, anti-Gal3 co-precipitated exogenously
added MINX pre-mRNA substrate (lane 4) whereas pre-immune serum failed to yield the

same result (lane 3). That this interaction is RNA dependent is shown in lane § in which
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Figure 4. Analysis of RNA and proteins immunoprecipitated by anti-Gal3 from
glycerol gradient fractions. Indicated fractions (pooled, if necessary) from glycerol
gradient fractionation of NE (see Fig. 3) were subjected to immunoprecipitation by anti-
Gal3 coupled beads. Bound material was collected and analyzed for RNA (Panel A) or
proteins (Panel B). Panel A shows a northern blot of the bound material (~50%) of the
anti-Gal3 beads from each immunoprecipitation. *2P-labeled oligonucleotides specific
for each snRNA were used to detect the RNA species indicated at right. Panel B shows a
western blot for proteins immunoprecipitated from the indicated fractions by anti-Gal3
beads. Material subjected to western blotting represents 50% of the bound fraction; lane
2, immunoprecipitate from fraction 1; lane 3, immunoprecipitate of fractions 3 & 4; lane
4, immunoprecipitate of fractions 6 & 7; lane 5, immunoprecipitate of fractions 9, 10, 11;
lane 6, immunoprecipitate of fractions 13 & 14 and lane 7, immunoprecipitate of
fractions 16, 17, 18. NE (lane 1) is included to verify the identity and migration of the
proteins in western blotting. Respective antibodies against the proteins indicated at right
were used in western blotting.
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fractions 3 and 4 were treated with micrococcal nuclease (whose activity was
subsequently inhibited by the addition of EGTA) prior to incubation with MINX. After
nuclease digestion, the level of MINX precipitated by anti-Gal3 bound was reduced to
levels bound to pre-immune serum. However, residual micrococcal nuclease activity did
not degrade the MINX substrate as approximately equal amounts of MINX were used for
the anti-Gal3 precipitation (Fig. 6A, lanes 1 and 2). Northern blotting analysis showed
that the U1 snRNA in fractions 3 and 4 was indeed degraded by the micrococcal nuclease
treatment (Fig. 6B, lanes 1 and 2). Examination of the precipitated material shows the
presence of Ul snRNA in the anti-Gal3 precipitate, but not in the pre-immune control or
in fractions first treated with micrococcal nuclease and precipitated with anti-Gal3 (Fig.
6B, lanes 3-5). Finally, blotting for the Gal3 polypeptide in the bound material shows
no significant change in precipitation of the protein after nuclease treatment (Fig. 6C,
lanes 4 and 5). These results suggest that Gal3 is first assembled onto the pre-mRNA
substrate via its interaction with the U1 snRNP particle.
DISCUSSION

Previous experiments had documented that Gall and Gal3 are factors involved in
pre-mRNA splicing assayed in a cell-free system [10, 11]. Depletion of the galectins
resulted in an arrest of spliceosome assembly at an early step, corresponding to the H-/E-
complex. Given that neither Gall nor Gal3 interacts directly with pre-mRNA [12], it was
of some interest to define how and at what step either protein is brought into the
spliceosome. The most important conclusion derived from the present series of studies
is, therefore, that the Ul snRNP can mediate the loading of Gal3 onto the pre-mRNA

substrate during spliceosome assembly (see Figure 7). This association of Ul snRNP
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Figure 5. Effect of RNase A treatment on Gal3 association with Ul snRNP.
Fractions 3 and 4 or fraction 15 of NE separated on a glycerol gradient (see Fig. 3) were
subjected to treatment with RNase A or a control mock treatment at 30°C for 30 minutes.
After treatment, the reactions were incubated with anti-Gal3 coupled beads and the bound
material analyzed for protein. Bound material from the mock treated (lanes 2 and 4) or
RNAse treated (lane 3 and 5) fractions was western blotted for the proteins indicated on
the right.
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with Gal3 also exists outside of the pre-mRNA splicing pathway, i.e. in HeLa NE without
any pre-mRNA scaffold. In addition to associating with U1 snRNP outside of the
splicesome, we have found that Gal3 exists in larger complexes containing multiple
snRNAs and other RNA processing factors (Figure 7). The involvement of Gal3 in the
pre-mRNA splicing pathway, and in particular, with the spliceosome has been shown
previously [12].

The conclusion that Ul snRNP facilitates the loading of Gal3 onto the pre-mRNA
scaffold is based on several key considerations. First, Gal3 is associated with multiple
snRNP complexes in the absence of splicing substrate as deduced from
immunoprecipitation analysis of glycerol gradient fractions derived from NE. In
particular, the position of sedimentation (~10S; see Table I) and the RNA and protein
composition of fractions 3 and 4 indicate these fractions contain, predominantly, the
mono Ul snRNP. Importantly, the anti-Gal3 precipitate of fractions 3 and 4 contained
Ul snRNA and the Ul-specific polypeptide U1-70K, suggesting that some of the Gal3 in
these fractions was associated with the mono U1 snRNP.

Second, purified U1 snRNP binds selectively to the 5' splice site [29] and in the
canonical step-wise scheme of spliceosome assembly, the U1 snRNP participates early
during assembly and is required for the stable association of other snRNPs with pre-
mRNA [18, 30]. A discrete ATP-independent complex containing Ul snRNP, designated
the E-complex, is the first specific complex detected by gel filtration [31] and it
constitutes the functional precursor to the ATP-dependent A complex, committing the

pre-mRNA to the spliceosome assembly pathway [6].
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Figure 6. Immunoprecipitation by anti-Gal3 of radio-labeled pre-mRNA after
incubation with glycerol gradient fractions. Pooled fractions 3 and 4 were either
treated with micrococcal nuclease or mock treated at 37°C for 30 minutes and then
nuclease activity stopped by addition of EGTA. *2P-labeled MINX pre-mRNA was
added to the reactions and incubated for 15 minutes at 30°C. The reactions were
incubated with antibody coupled beads, either anti-Gal3 (aGal3) or pre-immune serum
(PI). Panel A shows the MINX pre-mRNA by autoradiography. Panel B shows a
northern blot for the Ul snRNA. Panel C shows a western blot for the Gal3 protein.
Input represents the fraction material and **P-MINX subjected to immunoprecipitation in
reactions either mock treated (lane 1) or treated with micrococcal nuclease (lane 2).
Bound material from immunoprecipitation of mock-treated fractions by pre-immune
serum (lane 3) and anti-Gal3 (lane 4) is shown. Bound material from
immunoprecipitation by anti-Gal3 beads using fractions first treated with micrococcal
nuclease is shown in lane 5.
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Finally, we have taken advantage of this initial, ATP-independent recognition of
the 5' splice site by U1 snRNP as a functional test of the Gal3-containing Ul snRNP
complex in fractions 3 and 4. Under conditions for E-complex formation (30° C in the
absence of ATP), incubation of splicing substrates with fractions 3 and 4 should result in
the association of Gal3 with the pre-mRNA. Indeed, we were able to demonstrate this by
immunoprecipitating fractions 3 and 4 with antibodies against Gal3 and detecting
radioactive MINX pre-mRNA as well as Ul snRNA.

A key caveat to our conclusion is that previous studies on the protein composition
of purified U1l snRNP all describe the same core Sm proteins as well as Ul-specific
polypeptides: (a) U1 70K (~70 kD); (b) Ul-specific A (~34 kD); (c) Sm B/B' (~28 kD),
(d) Ul-specific C (~22 kD); (¢) Sm D (~16 kD); (f) Sm E (~12 kD); (g) Sm F (~11 kD);
and (h) Sm G (~9 kD). The SDS gels of these studies did not reveal any band (~30 kD)
that might correspond to Gal3 [32-34]. To reconcile this apparent discrepancy with our
present observations, we note that the protocols used for the purification of Ul snRNP all
involved the use of buffers of high ionic strength (150 mM NaCl or 175 mM NH,CI).
We had shown, however, that antibodies directed against Gall or Gal3 can
immunoprecipitate radioactive spliceosomal RNA species under conditions of the
splicing assay (60 mM KCl) but that higher salt concentrations (130 mM or greater)
release the galectins from spliceosomal complexes [12]. In the context of the present
study, we have also observed that the co-precipitation of snRNAs by anti-Gal3 was
sensitive to disruption by high ionic strength (K.C. Haudek and R.J. Patterson,
unpublished observations). It seems reasonable to expect, therefore, that snRNPs and

spliceosomes isolated under splicing conditions (60 mM salt) would contain Gal3.
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Figure 7. Diagram showing the association of Gal3 with snRNPs and the pre-mRNA
splicing substrate. The pre-mRNA is shown as two rectangular exons joined by a single
line intron. Newly identified associations of Gal3 with snRNPs outside the splicesome
are indicated on the right. Gal3 can enter the splicing pathway at an early assembly stage
via its association with Ul snRNP. In addition, Gal3 does associate with multiple
snRNPs in larger complexes outside of the spliceosome, shown here as the U4/U6.US tri-
snRNP. Although U2 exists as a single snRNP particle in the nucleus, it is unknown
whether Gal3 can interact with this single snRNP alone, illustrated by a semi-hatched
Gal3. Whether Gal3 interacts with snRNPs being recycled between rounds of splicing or
nascent snRNPs in the nucleus is unknown. Solid arrows indicate steps supported by
data shown previously or contained in this report. Dashed arrows represent hypothetical
galectin involvement in assemblies or mechanisms of snRNP loading onto pre-mRNA.
Unlabeled shaded ovals indicated previously identified and novel proteins associated with
snRNPs isolated under conditions optimal for in vitro splicing activity
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Pre-mRNA splicing Galectin-snRNP complexes
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Peng et al. recently reported the isolation, under conditions of the in vitro splicing
assay (60 mM salt), of a macromolecular complex that assembles in the absence of pre-
mRNA substrate and contains all five uracil-rich snRNAs [8]. Mass spectrometry
analysis of this complex, designated as the PCC (PSF-containing complex; see Table I),
revealed a protein composition similar to, but nevertheless distinct from, the
corresponding composition of fully assembled active spliceosomes. Gal3 was found as a
component of the PCC. Our present findings, that all five snRNAs are co-precipitated by
anti-Gal3, either from complete NE or from selected gradient fractions, raises the
possibility that we also have isolated a mammalian penta-snRNP, possibly similar if not
identical to the PCC. In fact, multiple components (PSF, TFII-I, SMN) identified in the
PCC were detected with Gal3 in the anti-Gal3 precipitate from NE. Together with the
discovery of a functional, preassembled penta-snRNP in yeast [7], these results suggest
that, under certain conditions, spliceosome assembly may be facilitated through the
association of large ribonucleoprotein complexes that are already preformed in the
absence of a pre-mRNA scaffold. In addition, the identification of novel proteins
complexed with snRNAs under less stringent isolation conditions, characterized in this
report and previously [7, 8], raises the possibility that the network of snRNA-interacting
proteins outside of the spliceosome contains more members than originally described.

Although we have been able to demonstrate a function for the Gal3-U1 snRNP
complex in terms of 5' splice recognition and E-complex formation, the role(s) of the
higher molecular weight multi-snRNP complexes containing Gal3 remains as a challenge

for future studies.
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Chapter 3

Identification of galectin-3 in aptamer-selected early splicing complexes

ABSTRACT

We have shown that galectin-1 and galectin-3 are associated with the spliceosome
from early complex formation (loading of U1 snRNP) through active complexes by
immunoprecipitations using galectin-specific antisera. Here we use a galectin-
independent method to document an association of galectin-3 with the early spliceosome
(E complex). Using a pre-mRNA engineered to contain three recognition sites for the
MS2 bacteriophage protein, assembled splicing complexes can be isolated and analyzed.
We show that our isolation system selected only a single pre-mRNA containing our
aptamer and that bona fide splicing factors could recognize and assemble on this pre-
mRNA. Furthermore, the protein constituents assembled on the pre-mRNA varied, as
expected, with incubation conditions to allow the assembly of unique splicing complexes.
Characterization of selected complexes showed that isolated E complexes contained Ul
snRNA, but not U6 snRNA. Subsequent analysis of proteins showed galectin-3
associated with the E complex. These results verify the association of galectin-3 with the
spliceosome using an isolation method independent of galectin selection.
INTRODUCTION

Splicing cofactors containing the U snRNAs (snRNPs) exist either as single
entities (the Ul and U2 snRNPs) or as larger complexes, such as with 3 snRNAs (the
U4/U6.US tri-snRNP) [1, 2]. These snRNPs assemble onto a pre-mRNA scaffold to
carry out pre-mRNA splicing. During spliceosome assembly, the first snRNP to bind the

pre-mRNA is the Ul snRNP [3, 4]. This Ul binding event is the marker for early
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complex formation (E-complex) and can be detected by gel mobility shifts [5, 6]. The
binding of U1 to pre-mRNA is ATP independent and allows the step-wise assembly of
higher-order splicing complexes (A/B/C) with the addition of ATP and incubation [7].
Each of these active complexes can be distinguished based on gel mobility shifts and on
protein and RNA constituents.

We recently have identified galectin-3 (Gal3) as a snRNP-associated protein in
HeLa nuclear extract (NE) (see Chapter 2). Immunoprecipitation of NE incubated in the
absence of a splicing substrate with antiserum specific for Gal3 revealed the 5 splicing
snRNAs along with several snRNA core proteins. Using glycerol gradient sedimentation
to separate the endogenous nuclear snRNPs, we could detect a Gal3-containing mono-
snRNP (U1) at ~10S. Using an in vitro binding assay, we showed that the Gal3-
containing Ul snRNP formed a Gal3-immunoprecipitable complex on an exogenous pre-
mRNA. Pretreatment of the Gal3-containing Ul snRNP with micrococcal nuclease
abolished pre-mRNA binding activity. This complex was reminiscent of early splicing
complexes that incorporated Gal3 (or galectin-1 (Gall)) when splicing substrate is
incubated with pre-mRNA in a complete NE [8]. Both types of early complexes relied on
galectin-specific antiserum in co-immunoprecipitation protocols.

To confirm these data, a method independent of galectin selection was explored to
show that Gal3 was indeed associated with Ul snRNP and pre-mRNA in an early
splicing complex. Methods to select nucleic acids and associated proteins from complex
mixtures have been evaluated. One powerful approach is to engineer an aptamer
sequence into the nucleic acid of interest and subsequently select the aptamer-containing

nucleic acid via interaction with its specific ligand. To purify specific RNP complexes
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involved in splicing, Zhou et al. [9] developed the selection system schematically
illustrated in Figure 1. First, a pre-mRNA substrate derived from the adenovirus major
late gene (AdML-M3) was engineered such that the 3'-end contained three hairpin loops
that bind to the bacteriophage MS2 protein with high affinity. In parallel, a fusion
protein containing MS2 and maltose-binding protein (MBP) was expressed and purified
on the basis of its binding to amylose beads and specific elution using soluble maltose.
The purified MS2-MBP fusion protein, bound to fresh amylose beads, is then used to
select for RNP complexes formed by incubation of the AAML-M3 pre-mRNA substrate
with NEs under various conditions. The isolated RNP complexes can be similarly
released from the beads using soluble maltose. Using this (or similar) aptamer selection
protocol, other groups have isolated and purified various splicing complexes which were
subjected to protein identification by mass spectrometry [10-13]. These latter studies
have revealed that the spliceosome proteome consists of more than 300 proteins.

Using this MS2 aptamer selection protocol, we now show that early splicing
complexes assembled in a complete NE contain Gal3 in addition to the Sm core
polypeptide Sm B/B’ and Sm D and the Ul snRNA.

MATERIALS AND METHODS
Antibodies

Polyclonal rabbit antibodies directed against Gal3 [14] were described previously.
The following antibodies were purchased for immunoblotting: rabbit anti-hnRNP C1/C2,
goat anti-Slu7 (Santa Cruz Biotechnology); rabbit anti-MBP (Chemicon International);
monoclonal mouse anti-SMN (BD Transduction Lab) and human autoimmune sera ENA

anti-Sm (The Binding Site). Rabbit anti-Gal3, described previously [14], was used for
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Figure 1. Schematic diagram illustrating the structure of AAML-M3 pre-mRNA and
its use in purifying spliceosomal components assembled on the RNA. (A) The
AdML-M3 pre-mRNA consists of two exons (rectangles) joined by a single intron
(dark line) and three hairpin structures recognized by the MS2 protein. The MS2
recognition hairpins are situated at the 3’ end of exon 2. (B) The MBP-MS2 fusion
protein can bind to amylose beads via the maltose binding protein (MBP) and to
AdML-M3 through MS2 recognition of the hairpins. Components assembled on the
AdML-M3 pre-mRNA can thus be affinity selected on the amylose beads and
subsequently eluted with soluble maltose.
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blotting Gal3 protein. Primary mouse monoclonal antibodies were detected by goat anti-
mouse IgG light chain specific-HRP conjugates (Jackson ImmunoResearch
Laboratories). All other secondary antibody-HRP conjugates (Pierce Biotechnology)
were directed against both the heavy and light chains of the primary blotting antibodies.
Plasmids and in vitro transcription

Plasmids encoding AAML-M3 pre-mRNA and MBP-MS2 protein were kindly
provided by Dr. Robin Reed (Harvard University) [9, 12]. Plasmids containing anti-
sense constructs for Ul and U6 snRNA for use as northern blot probes were gifts from
Dr. Jeff Patton (University of South Carolina). The plasmid containing MINX pre-
mRNA [6] and in vitro transcription reactions have been described previously [15]. For
32p_labeled AdML-M3, the plasmid was digested with Xba I and in vitro transcribed
using T7 RNA polymerase. For anti-sense probes against AML-M3, the plasmid was
digested with Cla I and in vitro transcribed using SP6 RNA polymerase. For Ul and U6
anti-sense probes, plasmids were digested with Nae I and in vitro transcribed with *2P-
GTP using SP6 RNA polymerase for U6 anti-sense and T7 RNA polymerase for U1 anti-
sense. For large quantities of non-radioactive AAML-M3, transcription using
AmpliScribe T7 High Yield Transcription kit was used (Epicentre). Amylose-conjugated
agarose beads were purchased from New England Biolabs and the MBP-MS2 fusion
protein was isolated according to the manufacturer's protocol and dialyzed into 60%
buffer D (buffer D is 20 mM HEPES, pH 7.9, 100 mM KCI, 0.2 mM EDTA, 0.5 mM
DTT, 20% glycerol).

Polyacrylamide gel electrophoresis, immunoblotting and northern blotting
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For protein analysis, samples were subjected to 12% SDS-PAGE as described by
Laemmli [16]. Proteins were electrophoretically transferred from the gel onto Hybond
nitrocellulose membrane (Amersham Biosciences) or Biotrace PVDF membrane (Pall) in
transfer buffer (25 mM Tris, 193 mM glycine and 20% methanol, pH 8.3). Following
transfer, membranes were blocked overnight in 10% nonfat dry milk in Tris-buffered
saline containing Tween-20 (10 mM Tris, pH 7.5, 0.5 M NaCl, 0.05% Tween 20, T-
TBS). Primary antibodies for immunoblotting were diluted in 1% milk-T-TBS and
incubated on the membrane for 1 hour at room temperature. After washing four times, 15
minutes each, in T-TBS, the appropriate secondary antibody conjugated to horseradish
peroxidase was added in 1% milk-T-TBS for 1 hour. Following four T-TBS washes as
above, proteins were visualized using the Western Lightning Chemiluminescence System
(Perkin Elmer Life Sciences).

For RNA samples, the RNA was extracted as described below and precipitated
with 3 volumes of ethanol at -80°C. The precipitated RNA was dissolved in 10 pl of
sample buffer (9:1/formamide:bromophenol blue) and subjected to electrophoresis
through 13% polyacrylamide (bisacrylamide —acrylamide 1.9:50 [wt/wt])-8.3 M urea
gels, run in 1X TBE (90 mM Tris base, 90 mM boric acid and 2.5 mM EDTA, pH 8.0).
The radioactive RNA species were revealed by autoradiography.

For Northern analysis the RNA was transferred via wicking in 2X SSC (0.3 M
NaCl, 0.03 M sodium citrate) overnight onto a nylon membrane (Hybond-N, Amersham
Biosciences) and cross-linked by exposure to UV. After cross-linking, the nylon
membrane was pre-hybridized in 20 ml of hybridization solution containing 20%

deionized formamide, 3X SSC, 5X Denhardt's, 50 mM Na,HPO,/NaH,PO,, pH 6.8, 0.1%
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SDS and 0.1 mg/ml herring sperm DNA for about 4 hours at 42°C. After pre-
hybridization, *’P-labeled anti-sense probes were added to the hybridization solution and
the membrane was hybridized overnight (~16 hours) at 42°C. The membrane was then
washed once with 30 ml1 2X SSC + 0.1% SDS at 50°C for 30 minutes. Northern
hybridization was imaged by phosphorimage analysis (Molecular Dynamics).
Selection of AAML-M3

Nuclear extract (NE) from HeLa S3 cells (National Cell Culture Center,
Minneapolis, MN) was prepared as described in Dignam et al [17]. To test the selectivity
of the MS2 system, 10 pg of MBP-MS2 were loaded onto 20 pl of amylose beads in 0.5
ml binding buffer (20 mM HEPES, pH 7.9, 60 mM NaCl, 1 mM DTT) at 4°C for 1 hour.
Then 0.8 pmol of in vitro transcribed MINX and AAML-M3 pre-mRNA were mixed and
incubated in an 80 pl reaction in binding buffer with 10 pl HeLa NE for 20 minutes at
4°C and incubated with the loaded beads. The beads were washed three times with 0.5
ml binding buffer containing 0.05% Triton-X 100 (TX) and eluted with 20 mM maltose
in binding buffer. Eluted material was split into aliquots and analyzed for protein and
RNA, as described above. RNA was extracted by adding proteinase K (4 mg/ml final
concentration) to the sample and incubating at 37°C for 30 minutes, then diluting to 100
pl with 125 mM Tris (pH 8), 1 mM EDTA, 300 mM sodium acetate. RNA was extracted
by mixing with 200 pl of phenol—chloroform (50:50 [vol/vol]), followed by 100 pl of
chloroform.
Pre-mRNA complex isolation

For early and active complex selection, 1 pg of in vitro transcribed AAML-M3

was incubated with roughly 5 pg of MBP-MS2 and 20 pul of amylose beads for one hour
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at 4°C with rocking. The beads were washed once with binding buffer. A 150 pl
reaction consisting of 90 ul HeLa NE, 3 mM MgCl,, 40 U RNasin (Promega) was
incubated with the AAML-M3 -loaded amylose beads at 30°C for 30 minutes to form E
complex. Similarly, active complexes were formed with an identical reaction, also
containing 0.5 mM ATP and 20 mM creatine phosphate. Active complexes were formed
by incubating the reaction with the AAML-M3 -loaded amylose beads for 30 minutes at
30°C. Control beads had the same amount of MBP-MS2 loaded onto the amylose beads
and were incubated with NE under active complex conditions. After incubation, the
volume was brought up to 0.5 ml with binding buffer and mixed for one hour at 4°C.
After binding the complexes, beads were washed 3 times in 1 ml of binding buffer
containing 0.05% TX and eluted with 20 mM maltose in binding buffer.
E complex analysis

For analysis of the E complex, 1 pg of in vitro transcribed AAML-M3 was
incubated with roughly 4 pg of MBP-MS?2 in a total of 20 pul of binding buffer on ice for
30 minutes. After incubation, the protein and AAML-M3 were added to a 150 pl reaction
containing 100 ul NE, 3 mM MgCl2 and 80 U RNasin and incubated for 20 minutes at
30°C. The whole reaction was then incubated with 30 pl of amylose beads for one hour
at 4°C with rocking, with the total volume being brought up to 0.5 ml with binding
buffer. A control reaction lacking only the AAML-M3 pre-mRNA was performed. After
binding the beads were washed 3 times with 1 ml of binding buffer + 0.05% TX and
eluted with 20 mM maltose in binding buffer.
RESULTS

Selection of RNA species through MS2 recognition of its cognate RNA hairpin
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We have adopted the AAML-M3 selection system as developed by Zhou et al. and
outlined in Figure 1 [9]. We tested this selection system by comparing AAUML-M3
against MINX, another derivative of the adenovirus major late gene but lacking the MS2
binding sites. The two RNAs, both in vitro transcribed and 32p_]abeled, were added in an
equimolar ratio (Figure 2, lane 1) to HeLa nuclear extract, incubated and passed over
amylose beads loaded with MBP-MS2 fusion protein. After washing, the bound fraction
was eluted and subjected to gel electrophoresis. The bound fraction (Figure 2, lane 2)
showed a strong selection for AML-M3 over MINX pre-mRNA. There was nearly a
15-fold enrichment for the AAML-M3 substrate over the starting ratio of the mRNAs in
the input. These results indicate that our experimental set-up, including the fusion
protein and AAML-M3 transcript, is functional and that this MS2 selection allows a high
degree of specificity in RNA purification.

Isolation of splicing complexes assembled on AdML-M3

To test if we could isolate distinct splicing complexes, AAML-M3 was incubated
with HeLa NE, with and without added ATP, in order to form two unique splicing
complexes: the ATP-independent early (E-) complex and catalytically active
spliceosomes that require ATP [18]. Splicing complexes containing AAML-M3 were
selected by passing the incubated extract over amylose beads loaded with MBP-MS2
fusion protein. A control reaction lacking the AAML-M3 substrate was carried along
under conditions to form active splicing complexes. The bound and eluted material was
western blotted for the Sm proteins to confirm the selection of splicing complexes
(Figure 3A, lanes 2 and 3). Under both incubation conditions, early and active, we found

the association of Sm proteins with AAML-M3, suggesting that snRNPs had been isolated
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Figure 2. Specificity of selection by MBP-MS2 fusion protein. Two different *2P-
labeled pre-mRNAs, AAML-M3, containing three MS2 recognition sites and
MINX, lacking any MS2 recognition sites, were incubated together with NE and
passed over amylose beads loaded with MBP-MS2. The bound material was eluted
with maltose. Input (lane 1) shows the starting amount of AAML-M3 and MINX in
the reaction. Material eluted off the MBP-MS2 column is shown as bound (lane 2).
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with the AAML-M3 substrate. To test whether we could distinguish between early and
active complexes we probed for Slu7, a required second-step splicing factor that has only
been found to associate with catalytically active spliceosomes [10, 19]. The AAML-M3
incubated under active splicing conditions did indeed pull out Slu7 (Figure 3A, lane 3).
However, conditions that only allow E complex formation did not assemble Slu7 onto the
AdML-M3 substrate (Figure 3A, lane 2). These results confirm that we can distinguish
between active and early splicing complexes by AdAML-M3 and that incubation
conditions can control the assembly of splicing complexes.

Blotting for both Slu7 and Sm proteins failed to reveal any of these proteins in the
eluted material from the control column (Figure 3A, lane 4). A final control was
performed by blotting for the SMN protein. SMN is a nuclear protein that interacts with
a variety of RNPs but has failed to be identified as directly interacting with the
spliceosome. Immunoblotting for the SMN protein showed that it is not selected by
AdML-M3 under any condition despite there being plenty of SMN present in the NE
(data not shown). Blotting with antibodies against MBP confirm an equal amount of
fusion protein in all samples.

Because Ul snRNA binding to the 5' splice site of a pre-mRNA is the hallmark of
early complex formation, we examined the eluted material for the presence of snRNA.
Northern blots revealed the presence of U1 snRNA in both the AAML-M3 assembled E
complex and active complex, but U6 snRNA only in the active complex elution (Figure
3B). The U6 snRNP is necessary for a catalytically active spliceosome and its

incorporation onto the spliceosome is ATP-dependent. Neither U1 nor U6 could be
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Figure 3. Analysis of protein and RNA components of early and active splicing
complexes selected via the AAML-M3 pre-mRNA. Amylose beads, loaded with
AdML-M3 pre-mRNA and MBP-MS?2 protein, were mixed with NE diluted to
splicing conditions and incubated to form early or active splicing complexes. A
control column lacking AAML was incubated under conditions that give rise to active
complexes. The beads were washed and eluted with maltose. Panel A shows western
blots of the bound material from the early complex (lane 2), active complex (lane 3)
and control column (lane 4) for the proteins indicated at right. Panel B shows a
northern blot of the eluted material from early complex (lane 1), active complexes
(lane 2) and control column (lane 3) using anti-sense RNA probes against AAML-M3,
Ul and U6 snRNAs.
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detected eluted from control beads (Figure 3B, lane 3). All of these results indicate the
selection of complexes by AAML-M3 to be specific and that the association of AdML-
M3 complexes can be controlled by incubation conditions. In particular, selection of
complexes under E conditions allow the selection of Ul snRNA, an important early
complex marker, but not Slu7 protein or U6 snRNA, both components of active splicing
complexes.
E-complexes assembled on AAML-M3 contain Gal3

Based on our previous data showing the association of Gal3 with Ul snRNP (see
Chapter 2), our hypothesis was that Gal3 is a bona fide component of early splicing
complexes, in particular the E complex. To test this hypothesis, we performed AAML-
M3 selection of E complexes and the bound material was blotted for known E complex
factors. The Sm proteins along with hnRNP C1/C2 were detected in our AAML-M3
selected material but not under our control conditions (Figure 4, lanes 2 and 3), allowing
us to conclude we had successfully pulled out an E complex. We then blotted for the
Gal3 polypeptide, which revealed the protein in our E complex specific pull-out but not
in the control experiment (Figure. 4, lanes 2 and 3). As a final control, blotting with
antibodies against MBP showed an equal amount of fusion protein loaded in both the
experimental and control conditions. The results of this experiment confirmed our
hypothesis that Gal3 is a protein component of a splicing E complex.
DISCUSSION

The high affinity binding (K4 ~3 nM) of the coat protein of bacteriophage R17 to
a hairpin loop on its genomic RNA has been extensively studied by Uhlenbeck and co-

workers [20, 21]. Bardwell and Wickens took advantage of this system in developing
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Figure 4. Analysis of proteins associated with early splicing complexes.
AdML-M3 pre-mRNA was bound to MBP-MS2 then added to a splicing
reaction and incubated under conditions to give early complexes. The
reaction was then passed over amylose beads and the bound material eluted
with maltose. A reaction lacking AAML-M3 pre-mRNA was used as a
control. Bound material from both the early complex (lane 2) and control
reaction (lane 3) was western blotted for the indicated proteins at right.
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a purification scheme for RNA and RNA complexes but noted that the binding of an
RNA containing non-R17 sequences required two recognition sites in tandem [22]. The
system was further refined in the AAML-M3 pre-mRNA construct to contain three
hairpin loops and in the use of MBP-MS2 fusion protein and amylose beads for the
selection of assembled spliceosomal complexes that were subsequently visualized by
electron microscopy [9] and analyzed by proteomics [10, 12]. For these latter studies on
spliceosome assembly as well as for our present work, it is of particular importance to
note that neither the presence of the hairpin loops nor the binding of the fusion protein
affected either splicing complex formation or the splicing reaction [9, 23].

Our present application of this aptamer selection system has provided key
confirmatory evidence to two previous experiments. First, we showed that either anti-
Gall or anti-Gal3 can immunoprecipitate *’P-labeled MINX pre-mRNA under conditions
(incubation with NE at 30°C in the absence of ATP) that would lead to the formation of
only early complexes [8]. Second, we have shown that an isolated Gal3-U1 snRNP
complex is sufficient to load Gal3 onto a pre-mRNA under conditions that allow the
formation of early splicing complexes (see Chapter 2) and basepairing of U1 at the §'
splice site [24, 25]. Using aptamer recognition to select spliceosomal complexes
assembled on the AAML-M3 pre-mRNA under the same conditions, we have now
documented the detection of Gal3 in these early spliceosomal complexes containing the
Ul snRNA.

These results implicate that Gal3 enters the splicing reaction early in the
spliceosome assembly process. This notion is consistent with three additional lines of

evidence. First, we had reported that NEs depleted of the galectins by affinity adsorption
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on lactose-agarose beads failed to form active spliceosomal complexes and gel mobility
shift assays of *’P-labeled pre-mRNA revealed only bands migrating in the H-/E-complex
region [26]. The activities of the galectin-depleted extract, in forming active splicing
complexes and in performing the in vitro splicing reaction, were reconstituted by the
addition of recombinant Gal3 with similar dose-response curves.

Second, we have expressed and purified a fragment of the murine Gal3
polypeptide containing residues 1-137, corresponding to the amino-terminal domain
(ND) bearing multiple repeats of the nine-residue motif, PGAYPGXXX [14]. When the
splicing assay was carried out in the presence exogenously added Gal3 ND, we observed
a dose-dependent inhibition of product formation [15]. This apparent dominant negative
effect of the ND was associated with the arrest of spliceosome assembly at the H-/E-
complex. In both the splicing reaction and in the assembly of active spliceosomes,
parallel additions of either the full-length Gal3 polypeptide or the carboxyl terminal
carbohydrate recognition domain failed to yield the same effect. Finally, we have
recently found that addition of the NCL-GAL3 monoclonal antibody directed against
Gal3 to a splicing competent NE inhibited the splicing reaction [27]. Again, native gel
electrophoresis showed that NCL-GAL3 exerted its effect early in the spliceosome
assembly process, blocking the progression of H-/E-complexes into active spliceosomes.

A key question posed by our studies is whether there is any difference between
two complexes formed on the pre-mRNA substrate: (a) the classical E-complex
assembled upon incubation of NE with pre-mRNA at 30°C in the absence of ATP and
selected by the MS2 aptamer; and (b) the complex resulting from the binding of Gal3-Ul

snRNP (in fractions 3 and 4 derived from glycerol gradient fractionation of NE; see
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Chapter 2) to the pre-mRNA selected by antibodies against Gal3. The aptamer selection
procedure documented in the present studies, coupled with additional gel filtration (size
fractionation) steps, could provide the requisite extent of purification such that the two

complexes can be compared in terms of protein composition by proteomic analysis.
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Chapter 4
Concluding statements

Previous work in our laboratory had focused on galectin-1 (Gall) and galectin-3
(Gal3) as essential pre-mRNA splicing factors. In addition, recent work has shown both
Gall and Gal3 to be assembled on the spliceosome.

My work presented here moves our understanding of nuclear galectins forward in
several significant ways: first, Gal3 is a member of numerous nuclear complexes
containing both proteins and RNA; second, nuclear Gal3 interacts with snRNPs outside
of the spliceosome; third, Gal3 interaction with snRNPs leads to the entry of Gal3 into
the pre-mRNA splicing pathway. These new data fit well with the existing evidence of
galectins as pre-mRNA splicing factors. However, more experiments must be performed
to fully understand the role of galectins in snRNP biogenesis and their function in pre-
mRNA splicing.

Firstly, it is of great interest to determine the binding partner of Gal3 on the
snRNPs. Does Gal3 interact directly with the Sm core polypeptides, a snRNP-specific
protein or does another non-snRNP protein mediate this interaction? A series of in vitro
binding assays may reveal the binding partner of galectins. One likely protein candidate
to mediate the snRNP interaction may be the general transcription factor TFII-I, as recent
work shows this protein is associated (i) with Gal3 in a GST-binding assay (TFII-I can
also interact with Gall) and (ii) with the snRNP-containing complex, PCC. This
interaction must be tested to see if the Gal3-TFII-I interaction is direct and if so, whether
TFII-I can bind snRNPs directly.

Another interesting finding is the association of Gal3 with snRNPs in large

complexes. What exactly are these large multi-snRNP complexes? Are they a

104



mammalian penta-snRNP complex? These complexes should be tested for functional
pre-mRNA binding and splicing activity. Gradient fractions containing this penta-snRNP
may be sufficient to compliment an extract depleted of functional snRNPs in an in vitro
splicing assay. The identity of several splicing factors with the yeast penta-snRNP and
mammalian PCC points to the idea that these large complexes are involved in
spliceosome formation at some level.

The presence of the SMN protein in these large complexes is intriguing in what it
suggests about the assembly of these complexes. Is the nuclear function of the SMN
protein to assemble pre-formed spliceosomes? Or is SMN in these complexes due to its
association with another snRNP related protein, such as coilin? It would be interesting to
test whether these large multi-snRNP complexes are involved in performing the snRNA
modifications that are carried out at the Cajal body. Methods of assessing this include
searching the snRNAs for modified bases, blotting for the presence of small Cajal body
RNAs (scaRNAs) and immunoblotting for coilin, the protein marker of Cajal bodies and
other known snRNA modifying enzymes.

A mechanism for galectin entry into the splicing pathway is a meaningful step
forward to determine the role of galectins in splicing. Although numerous lines of
evidence show galectin-inhibited splicing reactions halt at an early complex stage, the
exact mechanism for this inhibition is not known. Armed with these new data and the
binding assay demonstrated in this thesis, perhaps the association of galectins and/or U1
loading onto a pre-mRNA in an inhibited nuclear extract and/or gradient fraction can be

assayed. Could this be the step at which pre-mRNA splicing is blocked?
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Another important question to ask is how the Gal3-U1 snRNP complex relates to
the early splicing complex (E) assembled on the pre-mRNA. Proteomic analysis using
mass spectrometry may allow the identification of unique factors in both complexes. The
Gal3-U1 snRNP complex also should be tested for functional assembly of active
spliceosomes. This may be assayed by either gel mobility shift assays or
complementation assays of U1 depleted extracts.

Recent work has shown that Gall and Gal3 are mutually exclusive in
spliceosomes. That is, a spliceosome may contain either Gall or Gal3, but not both
galectins simultaneously. A logical extension of this mutually exclusive finding is that
the loading of the galectins onto the spliceosome should show this exclusivity. |
Therefore, I believe it is important to document which snRNPs Gall is associated with.
If Gall and Gal3 show similar snRNP binding and a similar Gall-U1 snRNP is found, it
too should be tested for pre-mRNA binding and the presence of Gal3. My hypothesis is
that the exclusivity seen in the spliceosome is actually conferred at the galectin binding of
the snRNP before entry into the spliceosome. For this to be the case, a snRNP or snRNP
complex would have to contain only a single galectin binding site, recognizable by both
Gall and Gal3.

The foundation for numerous and interesting studies further investigating these
questions has been laid by the data presented in this thesis. In the future, the role of

nuclear galectins in snRNP and spliceosome assembly can be elucidated.
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