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Abstract

Nuclear galectins and their role in pre-mRNA splicing

By

Weizhong Wang

Galectins are a family of carbohydrate binding proteins that share conserved
sequence elements in their carbohydrate-binding sites. In previous studies, we have
documented that galectin-1 and galectin-3 are necessary and redundant splicing factors in
an in vitro splicing system.

We wanted to know whether the splicing activity of galectins depends on the
carbohydrate binding activity. To address this question, we obtained mutant galectin-1
construct from Hirabayashi’s lab. Residue Asn46 is critical for carbohydrate binding
activity of galectin-1. By mutating this residue to Asp, the carbohydrate binding activity
of galectin-1 was abolished. This mutant was tested along with the wild type galectin-1 in
depletion and reconstitution experiments. The results show that the mutant galectin
reconstituted splicing as well as the wild type. This allows us to draw the conclusion that
the carbohydrate binding activity of galectin-1 is separate from its splicing activity.

The next goal was to determine how galectins are involved in the splicing process.
Our hypothesis was that galectins associate with the spliceosome through protein-protein
interactions. Immunoprecipitation was used to test this hypothesis. Pre-mRNA was added
to HeLa nuclear extracts to assemble spliceosomes, then they were mixed with antibody
against galectin-1 or galectin-3 and the bound fractions were isolated and subjected to

RNA or protein analysis. The results show that both antibodies can immunoprecipitate



spliceosomal RNAs and spliceosomal protein components. We conclude that galectins
physically associate with spliceosomes throughout the splicing process. To further
characterize this association, splicing reactions were sequentially immunoprecipitated
with galectin antibodies. We found that galectin-1 containing spliceosomes did not
contain galectin-3 and vice versa. These data provided an explanation for the functional
redundancy of galectin-1 and galectin-3 in splicing activity. Another finding is that the
association of galectins with the spliceosomes can be disrupted easily by ionic conditions.
Since most of the proteomic studies on spliceosomes used stringent ionic conditions, this
result could explain why galectins haven’t been found in these studies. We conclude that
galectin-1 and -3 are directly associated with splicing complexes throughout the splicing
pathway in a mutually exclusive manner and they bind a common splicing partner
through weak protein-protein interactions.

Since galectins associate with spliceosomes, it is intriguing to analyze whether
they also associate with endogenous nuclear complexes. Using similar
immnoprecipitation techniques, we confirmed our hypothesis. Galectin-1 and -3 are both
components of nuclear snRNP containing complexes. This association does share some
common features as the galectins’ association with spliceosome. They are both sensitive
to ionic strength. They only incorporate one type of galectin into the complex and
mutually exclude the other. Pre-formed galectin containing complex could not be
disturbed by carbohydrate ligands. In the future, galectin containing nuclear complexes

might be the tools to reveal the mechanism of galectin incorporating into spliceosomes.
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Chapter 1

Literature Review

Part A Galectins

Galectin family

Galectins are a family of carbohydrate-binding proteins. There are two key
features to characterize these proteins: (i) binding affinity for B-galactosides and (ii)
conserved sequence in their carbohydrate-binding site (1). Galectins have been identified
in many species, including mammal, fish, bird, frog, worm, sponges and fungi (2). Each
member of the galectin family contains at least one carbohydrate recognition domain
(CRD) which has binding affinity for 8-galactosides. Several residues in this domain are
critical for saccharide ligand binding, including His49, AsnS1, Arg53, Asn62, Trp69,
Glu72 and Arg74 (using galectin-7 as an example, residues may vary depending on
different galectins).

Fifteen galectins have been discovered and numbered sequentially according to
the accepted numbers for their genes in the Genome Database. According to their
structure, galectins can be separated into three different groups (3) (Figure 1). The first
group is the prototype group. It includes galectin-1,-2, -5, -7, -10, -11, -13, -14 and -15.
These proteins contain a single CRD of about 130 amino acids. Crystallography has
shown that the CRD is folded into two anti-parallel ($-sheets forming a sandwich like
structure (4, 31). The second group of the galectin family is the chimera type. This group
contains only one member, galectin-3. This protein has a unique amino (N) terminal
domain linked to the CRD. The three dimensional structure of this N-terminal domain is

still unknown. It contains several repeats of Pro-Gly-Ala-Tyr-Pro-Gly-X-X-X, which are



Figure 1: Panel A shows the schematic diagram of the three subfamilies
of galectins (proto-, chimera- and tandem repeat). The prototype is
composed of a single carbohydrate recognition domain (CRD). The
chimera type contains a unique amino terminal domain (key feature is 7-
12 repeats of PGAYPGXXX) and a CRD. The tandem repeat type is
composed of two similar CRDs. Highly conserved residues of the CRD
are shown above the prototype structure. The crystal structure of
galectin-1 CRD is shown in panel B (29).
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conserved in all species. The third group of galectins is the tandem repeat group. The
members of this group (galectin-4, -6, -8, -9, -12) contain two highly similar repeats of
the CRD. These two domains are connected by a short linker peptide (5).

Galectins are believed to be synthesized on free cytoplasmic ribosomes. Although
no signal peptide or conventional nuclear localization sequence has been identified in
galectins, they distribute into all three compartments of the cell—cytoplasm, nucleus and
extracellular space. Some of the galectins bind to membranes and some are in the
extracellular matrix (2).

Different galectins exert different functions. Galectin-2 (14 kD), -4 (36 kD), -6
(33 kD), and -11 (15 kD) are mainly expressed in the gastrointestinal tract of different
animal species (6). They are usually found in the cytoplasm of the epithelial cells. The
functions of these galectins have not been clearly defined. Some evidence suggests that
galectin-11 is involved in the immune responses of the digestion tract (7). Galectin-5 (16
kD) was discovered in rat erythrocytes. It can be found in the cytoplasm and the cell
surface. Galectin-5 can interact with both free saccharides and mammalian glycoproteins
(8). Galectin-7 (15 kD) is a prototype galectin which has a similar folding pattern as
galectin-1. Galectin-7 is mainly expressed in stratified epithelia. Interestingly it is found
predominantly in the nucleus and can be secreted out of the cell (9). Galectin-7 is also a
target for tumor research. It has been suggested to be a pro-apoptotic protein, causing
apoptosis after cell damage. Its tumor suppression function is associated with p53 and the
JNK pathway (10). Galectin-8 (35 kD) and -9 (35 kD) are tandem repeat galectins and
both have several isoforms. Galectin-8 is involved in cell adhesion and spreading (11)

while galectin-9 is involved in apoptosis (12). Galectin-9 has also been reported to act as



the uric acid transporter, which is responsible for efflux from urate-producing cells with
renal and gastrointestinal excretion (13). Galectin-10 (also known as Charcot-Leyden
crystal protein) is expressed uniquely in eosinophilic and basophilic leukocytes. Its
sequence only shows moderate similarity to other galectins, while its crystal structure is
highly similar to the prototype galectins (14). Galectin-10 is unique in the galectin family
as it does not bind to B-galactosides, but it does bind to mannose. Galectin-10 has been
found in both the cytoplasm and the nucleus. It has been reported that galectin-10
contains weak lysophospholipase activity (14), but a subsequent study suggests this
conclusion is incorrect. When galectin-10 was depleted by its antibody, the lysates
derived from blood eosinophils retained their full lysophospholipase activity (15).
Galectin-12 (36 kD) is a tandem repeat galectin. It is abundantly expressed in adipose
tissue and mainly concentrated in the nucleus. Galectin-12 was suggested to play a role in
the apoptosis of adipocytes through suppression of cell growth (16). Galectin-13 (16 kD)
was first identified as a soluble human placental tissue protein (17). It has also been
found in adult spleen and bladder, fetal kidney, adenocarcinoma of the liver and
malignant melanoma. Galectin-14 (17 kD) is found in eosinophils. It has an extended N-
terminal domain beyond the normal CRD of galectins (18). Galectin-15 is a newly
discovered member of the galectin family. Galectin-15 is expressed by the endometrial
luminal epithelium (LE) and superficial ductal glandular epithelium of the ovine uterus.
Galectin-15 has been proposed to have an extracellular role in regulating implantation
and placentation (by functioning as a heterophilic cell adhesion molecule between the
conceptus trophectoderm and endometrial LE). Its intracellular role is to regulate cell

survival, differentiation and function (19).



Galectin-1

Galectin-1 is a member of the prototype galectin family. The molecular weight of
the galectin-1 polypeptide is about 14 kD. The N-terminus of galectin-1 is acetylated (20).
The expression and localization of galectin-1 changes according to the stage of
development and differentiation (21, 22). Galectin-1 exhibits dual localization in the cell.
Although largely found in the cytoplasm, galectin-1 also exists in the nucleus. In HeLa
cells, treatment with detergent that permeabilizes the nuclear membrane reveals obvious
nuclear staining of galectin-1 (23). In epidermal Langerhans cells, galectin-1 has been
found in the nucleus by electron microscopy (24). In rat osteoblasts, galectin-1 has been
determined to be a component of the nuclear matrix (25). Galectin-1 is a potent
multifunctional effector that participates in specific protein-carbohydrate and protein-
protein interactions. Many important roles of galectin-1 are exerted through its galectin-
carbohydrate interactions. For example, by interacting with the ganglioside GMI,
galectin-1 is involved in cell growth and neural differentiation (26). Galectin-1 can also
bind its protein ligands through protein-protein interactions, as is the case of Gemin-4 (37)
and H-Ras (27, 28).

The crystal structure of galectin-1 has been determined by X-ray crystallography
(Figure 1). Two identical monomers of galectin-1 assemble into a homodimer. The
overall structure of galectin-1 is a 3-sandwich consisting of two anti-parallel 3-sheets of 5
and 6 strands, respectively (29). The N and C termini of galectin-1 are both located at the
dimer interface side and the ligand-binding region is at the far-end (30). This overall

structure is shared by most CRDs of the galectin family. A group of highly conserved



amino acid residues interact with the disaccharide ligands, they are His44, Asn46, Arg48,
Val59, Asn61, Trp68, Glu71 and Arg73 (31).

Many studies have focused on the extracellular functions of galectin-1. In
olfactory neurons, galectin-1 is involved in cell adhesion and establishment and
maintenance of synaptic connectivity (32). In T-lymphocytes, galectin-1 can induce
apoptosis (33). Galectin-1 also interacts with integrin a7, and through integrin binds to
laminin (34). Recently, its intracellular functions have attracted attention. In the H-Ras
transformed Rat-1 cell, galectin-1 plays an important role in facilitating H-Ras oncogene
product anchoring to the membrane, thus helping the cell transformation process (28).
Galectin-1 directly binds to H-Ras. This interaction has been shown by cross-linking
studies and reciprocal immunoprecipitation using antibodies against both proteins.
Several lines of evidence show this interaction is not related to the carbohydrate binding
activity of galectin-1. First, this interaction is not sensitive to lactose inhibition,
suggesting the interaction is due to protein-protein binding (35). Second, a mutant
galectin-1 has been generated by substituting leucine at position 11 by alanine. This
mutant galectin-1 retains normal carbohydrate-binding capacity but shows diminished H-
Ras GTP-loading and extracellular signal-regulated kinase activation, dislodged H-
Ras(G12V) from the cell membrane, and attenuated H-Ras(G12V) fibroblast
transformation and PC12-cell neurite outgrowth (36). Another protein binding partner
that has been discovered by the yeast two hybrid assay and GST pull down experiment is
Gemin-4 (37). Gemin-4 is a component of the survival of motor neuron (SMN) complex.
The SMN complex is involved in pre-mRNA splicing. Thus the binding of galectin-1 and

Gemin-4 provides evidence to link galectin-1 with splicing.



Galectin-3

Galectin-3 was first discovered as a carbohydrate binding protein, named CBP35
(38). Later, many research groups found this protein independently and named it Mac-2,
IgE binding protein, L-29, LR-29, L-34 and so on. These studies implicate galectin-3 in
many processes in the cell. Unique in the galectin family, galectin-3 is notable by its
unusual N-terminal domain. The N-terminal domain contains multiple internal sequence
homologies, each of them consists of nine amino acid repeats of Pro-Gly-Ala-Tyr-Pro-
Gly-X-X-X. Differential scanning calorimetry has shown that the N-terminal domain and
the C-terminal domain of mouse galectin-3 have transition temperatures of 40°C and
55°C, respectively (39), suggesting these two domains have different folding structures.
Galectin-3 can form dimers in the cell. The interaction is through both N-terminal domain
and C-terminal domain residues. The C-terminal domain relies on its NWGR motif to
form the dimer, this interaction is saccharide ligand inhibitable and abolished in a W181L
mutation of the galectin-3 polypeptide (40). In the presence of saccharide ligands,
galectin-3 can still form dimers through its N-terminal domain. This has been proved by

cross-linking experiments and site-directed mutagenesis (41, 42).

Although galectin-3 lacks a conventional signal sequence for transfer into the
endoplasmic reticulum and entry into classical secretory pathway, it does get secreted
into the extracellular space (43). Galectin-3 also shuttles between the nucleus and the
cytoplasm (44). Its intracellular distribution depends on the proliferative state of the cell,
being mainly cytoplasmic in quiescent stage and nuclear in replicating cells (45).
Phosphorylation at N-terminal serine 6 and serine 12 by kinases is necessary for galectin-

3 shuttling from the nucleus to the cytoplasm, because only the phosphorylated form can



be detected in the cytoplasm (46). Phosphorylation is also important for galectin-3’s
activity. Phosphorylation of serine residues inhibits galectin-3 adhesion to the nuclear
matrix (47). On the other hand, phosphorylation favors the anti-apoptotic function of
galectin-3 (48). This has been shown by experiments using site-directed mutagenesis of

galectin-3.

Like galectin-1, galectin-3 also exhibits two different modes of interaction with its
ligands (49). Using lectin-glycoconjugate interactions, extracellular galectin-3 interacts
with the B-galactoside residues of several extracellular matrix (ECM) and cell surface
glycoproteins via the CRD. In contrast, using both its N-terminal domain and C-terminal
domains, intracellular galectin-3 forms interactions with other proteins via protein-protein
associations. One example of such interactions is galectin-3 with TTF-1. GST pull-down
assays demonstrated a direct interaction between galectin-3 and the homeodomain of

TTF-1 (50). These binding properties could enable galectin-3 to exert multiple functions

(51).

Intracellularly, galectin-3 is involved in regulating the cell cycle. It can arrest cells
in G1 or at the G2/M phase. The basic regulating steps are downregulating cyclins A and
E, upregulating p21 and p27 cyclin inhibitors, and hypophosphorylating Rb protein (52).
Galectin-3 is also involved in cell proliferation and cell death. In 3T3 fibroblasts,
galectin-3 can stimulate cell proliferation by its upregulation and altered pattern of
distribution and phosphorylation (53). The mitogenic potential of galectin-3 has been
demonstrated in several experiments. In human lung fibroblasts, cell proliferation is

associated with the expression of galectin-3 (54). In human leukemia T-cells, when



transfected with galectin-3 cDNA, the cells show higher growth rates than control
transfectants (55). In addition to regulating cell proliferation, galectin-3 favors cell
survival by protecting from apoptosis induced by a variety of death signals and anoikis
(52, 56). Galectin-3’s anti-apoptotic activity seems to be related to the highly conserved
NWGR motif sequence. Galectin-3’s association with bcl-2 (56) and x/ALG-2-interacting
protein 1 (the human homologue of ALG-2 linked protein) (57) is also important to this
activity. By its pro-proliferative and anti-apoptotic action, galectin-3 is considered as an
immediate early gene possibly implicated in tumor growth. This effect has been shown by

the abnormal expression of galectin-3 in several neoplasms (58).

Extracellularly, galectin-3 is involved in regulating cell adhesion. Cell surface
galectin-3 binds to a serum glycoprotein, serving as a cross-linking bridge between
adjacent cells and promotes homo and heterotypic cell-to-cell interactions (59). On the
other hand, galectin-3 associates with the alf1-integrin receptor, downregulating cell
adhesion to the ECM component laminin, thus producing an anti-adhesive effect (60). In
the process of tumor invasive and metastasis, these types of adhesion changes play a very
important role. Presumably, galectin-3 might increase the interactions among tumor cells
and the interaction of tumor cells with the endothelium; it also could alter the adhesion of
cells to the basement membrane glycoprotein laminin. Under certain circumstances,
galectin-3 may promote cell adhesion to laminin, as shown in neutrophils (61). This effect
is believed to play a role in the traversing of neutrophils through the basement membrane

at the site of inflammation.

10



Another important function of extracellular galectin-3 is the modulation of
inflammation and allergy. By binding to IgE and the IgE receptor, galectin-3 can induce
activation of mast cells and basophils, which is a central event in allergy (62). Galectin-3
also helps eosinophils and neutrophils bind IgE, therefore playing an important role in
mediating their IgE-dependent effector function (51). Finally, galectin-3 is reported to be
capable of binding, internalizing, and degrading AGE (advanced glycation end products),

thus playing a role in diabetes and aging (63).
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Part B Splicing and spliceosomes

Splicing

Pre-mRNA splicing is a process which removes introns from the pre-mRNA and
ligates exons together to form the mature messenger RNA (64). Two transesterification
reactions take place in this process. In step 1, the 2’-OH group of the adenosine at the
branch point attacks the phosphate group of the 5’ splice junction (guanosine) forming
exon-1 and lariat-exon-2 intermediates. In step 2, the free 3’-OH of exon-1 attacks the
phosphate group of the 3’ splice junction (guanosine), resulting in ligation of the exons
and release of a free lariat which is degraded later (65) (Figure 2). Several regions on the
pre-mRNA are essential for these reactions. The 5’ splice junction has the consensus
sequence AG:GU. At the 3’ splice junction the consensus sequence is AG in a context of
semi-conserved CAG:G. A branch point region is also crucial (66). It is usually 30
nucleotides (nt) upstream of the 3’ splice site. In yeast, the branch point sequence is an
absolutely conserved sequence of UACUA(A)C. In vertebrates, it is variable with
PyNPyPu(A)Py. Besides these regions, mammals also contain a polypyrimidine stretch
upstream of the 3’ splice junction to facilitate recognition.

Pre-mRNA splicing is an important post-transcriptional process in eukaryotic
cells. This process is accomplished by a large macromolecular complex called the
spliceosome. The spliceosome contains five small nuclear ribonucleoprotein complexes
(snRNPs) and a large number of non-snRNP proteins (many are arginine/serine (RS)
domain containing proteins). The snRNPs involved in splicing process are Ul, U2, U4,
US and U6 snRNP (67). There are a few exceptions in the splicing process. For example,

group 2 introns can splice in the absence of proteins (68). But these occasions are rare.

12



Figure 2: Schematic diagram depicting the splicing process. In
step 1, the 2’-OH group (A) branch point attacks the phosphate
group of the 5’ splice junction (guanosine) forming exon-1 and
lariat-exon-2 intermediates. In step 2, the free 3’-OH of exon-1
attacks the phosphate group of the 3’ splice junction (guanosine),
resulting in ligation of the exons and a free lariat which is
degraded later (105).

13
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The snRNPs contain a single low molecular weight RNA and several protein
components. The snRNAs are about 200 nucleotides in length. Their 5* end form a 2,2,7-
trimethyl-guanosine cap. There are six common sets of snRNP core proteins in this
particle in addition to one or more snRNP-specific proteins (67). Besides functioning in
pre-mRNA splicing, snRNPs are also involved in 3’ end processing of pre-mRNAs (69).
The key component in the snRNPs is the snRNA. The snRNAs can base pair with pre-
mRNA in the conserved sequence motif and allow the snRNP particles to initiate the
assembly of the spliceosome (70).

The cellular amount of snRNPs is variable according to species. In mammalian
cells, the snRNAs are rather abundant. There are about 1x10° to 1x10° copies in each
human cell. In yeast, there are about 10 times less.

Except for U6, U snRNAs are transcribed by Pol II (DNA dependent RNA
polymerase II) in the nucleus. They are then capped with a 7-methyl-guanosine and
exported to the cytoplasm. In the cytoplasm, a set of Sm proteins is assembled onto the
snRNAs, the 5° end of snRNAs is also hypermethylated, forming the 2,2,7-trimethyl-
guanosine cap structure. The cap structure and the Sm protein ring serve as nuclear
import signals, bringing the snRNPs back into the nucleus. In the nucleus, snRNPs first
appear in the Cajal Body. In this nuclear structure, snRNPs undergo further assembly.
Several snRNP-specific proteins are added, bases of the snRNA are modified, and
U4/U6.US tri-snRNP is assembled (71, 72, 73). U6 goes through a different pathway. It is
transcribed by Pol III and does not get exported to the cytoplasm. Thus, U6 only has a

mono-methyl cap and remains in the nucleus. Since U6 does not enter the cytoplasm, it
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does not acquire the Sm proteins. Instead, eight Sm-like (LSm) proteins replace the Sm
proteins and form the core proteins (72, 74).

The snRNPs carry out essential functions during the splicing reaction. Via the
interaction of their RNA and protein components with the pre-mRNA, they mediate the
recognition and subsequent base pairing of the 5' and 3' splice sites of an intron. In
addition, they form the three-dimensional structure which is required for forming the
spliceosomes' two active sites. Components of the snRNPs also appear to catalyze the
two transesterification reactions that occur during splicing (74).

Spliceosome

Newly transcribed pre-mRNA is covered by hnRNP (heterogeneous nuclear
ribonucleoprotein) proteins, forming the initial H complex. This is a non-specific
complex and not all H complexes can be chased into later splicing complexes.
Spliceosome assembly is a process in which the 5 snRNPs and many non-snRNP proteins
orderly assemble onto the pre-mRNA. The conventional model for spliceosome assembly
is a step-wise process (75, 76). The first step is the assembly of Ul snRNP onto the §’
splicing site of the pre-mRNA. The consensus sequence at the 5’ splice junction is
recognized by Ul through an RNA-RNA complementary base pairing (77). The second
step is the addition of U2 snRNP. A U2 snRNP specific protein (U2AF) plays an
important role in this step. U2AF has two sub-domains. The small subunit is about 35 kD,
called U2AF35; the large one is 65 kD, named U2AF65. U2AF35 recognizes the 3’
splicing site with the sequence of AG and binds to this region, while U2AF65 binds to
the polypyrimidine tract (78). The binding of U2AF recruits the U2 snRNP and does not

" require ATP hydrolysis. With Ul snRNP and U2AF bound to pre-mRNA, a new splicing
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complex (E complex) forms (79). E complex is also called the commitment complex.
This is the real starting point of the functional spliceosome. Given the right conditions,
all of the E complexes can be chased into higher ordered complexes. There are also other
important proteins needed to assemble onto the RNA before U2 snRNP can bind. SF1
(called BBP in yeast) recognizes the branch point A and is critical in facilitating the
assembly of U2 snRNP. SF2 and SC35 bring the 5* and 3’ splice sites in proximity by
interacting with U2AF35 and thus change the spatial structure of the complex (80, 81).
Although U2 snRNP has been reported to associate with the E complex, it is widely
believed that the binding of U2 snRNP to the branch point forms the next higher ordered
complex, the A complex. This is accomplished by the U2 snRNA replacing the SF1
protein and base pairing with pre-mRNA at the branch A region using its 5’ end. This
switch of protein-RNA interaction to RNA-RNA interaction is the first ATP dependent
step in spliceosome assembly and starts the formation of the catalytic complex (80).

After A complex is formed, U4/U6.US tri-snRNP comes into play. In this tri-
snRNP, U4 and U6 associate through snRNA-snRNA interactions while US snRNP binds
to them through protein-protein interactions. The binding of this tri-snRNP with the pre-
mRNA forms an intermediate complex (B complex) before the spliceosome becomes
splicing active (76, 82). Before U6 snRNA can bind to the complementary region on the
pre-mRNA, the base pair between U4 and U6 needs to be disrupted. This process is
accomplished by several DExD/H box proteins (84). Prp44, also called Brr2, has been
implicated in unwinding the U4/U6 helices and likely confers the ATPase activity (85).
U4 snRNP protein Prp28 and U6 snRNP protein Prp24 have also been proposed to

directly or indirectly influence U4/U6 unwinding (86). A US snRNP protein Prp8 has
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been suggested to play an important role in regulating the activity of the DExD/H-box
proteins (87). Overall this unwinding is an ATP-dependent process and requires multiple
protein involvement. After the U6 snRNA dissociates from the U4 base pair, it displaces
Ul RNA from the §' splice site, establishing a new pairing between U6 RNA and the §'
splice site. Following this event, Ul and U4 snRNP are released from the spliceosome.

Accompanying these component changes, the splicing complex also goes through
a conformation rearrangement. When U2 and U6 snRNA base pair together, the catalytic
core is formed and the active splicing complex (C complex) finally forms (76). These
conformational changes appear to require the branchpoint sequence, presumably because
the activated U2 snRNP has a role in the process. The role of U5 snRNP is mainly
contributed by its protein components. U1-70K interacts with the U5 snRNP proteins
Prp44/Brr2 and Prp8 (85, 88) and with protein Exo84. Exo84, in turn, interacts with Prp8
(89). Prp8 can also interacts with Ul snRNP proteins Prp39 and Prp40 (87). In fact, a
U1/US5 bi-snRNP has been identified in yeast cell extracts (90), which further strengthens
these discoveries.

Recently, a new model for the assembly of spliceosome has been proposed by
Stevens et al. They believe that in the nucleus there is a massive ribonucleoprotein
complex, containing five U snRNPs (U1, U2, U4 US and U6), called penta-snRNP (91).
The facts which support that such a complex exists are: a) the snRNPs appear to be in
stoichiometic proportions and b) the proteins found in this purification are specific. This
complex contains all the snRNP proteins and 13 known splicing associated proteins. In a
functional study, Stevens et al. (91) have shown evidence that the penta-snRNP complex

is significant for pre-mRNA splicing. Extracts depleted of endogenous snRNAs by
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nuclease digestion can be restored of their splicing activity by adding back the isolated
penta-snRNP. Moreover, when they used tagged snRNAs for a mixing experiment, they
found that during spliceosome assembly the components of the snRNPs do not exchange
with each other, which strongly supports the idea that the penta-snRNP works as a pre-
existing unit for splicing. Stevens et al. also claimed that the difference between this
model and the traditional one may be due to different isolation conditions (91). Although
no other significant developments have been reported recently, this model is still
considered as an innovative point of view toward spliceosome assembly.

Besides the major splicing complexes, there is a minor class of introns using
spliceosomes containing U11, U12 and US snRNPs. Unlike the GT-AG rule of the vast
majority of introns, this minor class of introns contains AT and AC at their 5’ and 3’ ends,
respectively. In this spliceosome, Ul1 and U12 resemble the Ul and U2 roles in the
major spliceosome, respectively. U5 also functions in this spliceosome, but there is no
evidence to suggest the involvement of U4 or U6 snRNPs (92, 93, 94).

As has been stated, besides snRNPs, there are many other components in the
spliceosome. Their roles in splicing have not been completely studied. It is generally
believed that they facilitate the assembly of the snRNPs and stabilize the spliceosome as
an active complex. In recent years, using proteomic studies, many of the spliceosome
components have been determined and analyzed.

Proteomic studies of spliceosomes

For a long time, it has been known that spliceosomes are large and complicated

complexes. In early studies, researchers used depletion and reconstitution and budding

yeast genetic analysis to identify the components of these complexes. But until recent
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years, no one has shown a complete picture of the spliceosome. In the past decade, a new
method has been used to analyze the spliceosome. It is tandem mass spectrometry. The
first splicing complexes analyzed by mass spectrometric methods were the hnRNP
complex assembled on mammalian pre-mRNA (95) and subunits of the yeast
spliceosome (96, 97). Subsequently, large-scale analysis of human multi-protein
complexes on in vitro assembled spliceosomes was performed. The first step of such
analysis is to isolate the spliceosome from the cell nuclear extract. Different ways of
purification have been exploited.

In 1999, Fischer et al. (98) used antibodies against the trimethylguanosine (m3G)-
cap to immunoaffinity-purify snRNPs from HeLa nuclear extracts and separated the
complexes on 10to 30% glycerol gradients. Fractions containing different snRNP
complexes were pooled and selected with biotinylated 2'-O-methyl oligonucleotides and
streptavidin agarose. Thus, these studies provided a thorough analysis of the snRNP
complexes.

In 2002, using a similar method, Rappsilber et al. (99) assembled a mixture of
spliceosomal complexes on biotinylated, radioactively labeled RNA from adenovirus
(AD1) and B-globin (AL4) transcripts. Samples were subjected to gel filtration and
affinity selection using streptavidin beads. The peptides bound to the high-performance
liquid chromatography (HPLC) column were analyzed.

In another proteomic study, Zhou et al. (100) also used two distinct pre-mRNAs
(adenovirus major late, AAML, and Fushi tarazu, Ftz) to form a mixture of all stages of
spliceosomes, including complexes that had undergone the first or second catalytic steps

of the splicing reaction. In this study, they used a different purification approach. The
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substrate pre-mRNA contained three hairpin structures which bind to the MS2
bacteriophage coat protein. Using an MS2-MBP fusion protein (MBP is maltose-binding

protein), these complexes could be used for affinity purification.

With the purification of different stage spliceosomes, the next step was to subject
them to mass spectrometric analysis. Mass spectrometric methods and human sequence
databases have continued to improve in recent years, allowing both increased sensitivity
and higher throughput. It is now possible to analyze mixtures of hundreds or even
thousands of peptides by liquid chromatography coupled to tandem mass spectrometry
(LC MS/MS). Improved software and databases containing most human genes are also
now available, allowing automated data processing of the large volume of acquired mass

spectra (101).

These proteomic studies have shown a large number of protein components of the
spliceosomes. In Reed’s study, a total of 145 distinct proteins were identified as shared
between the two types of pre-mRNA spliceosomes, including 88 known splicing
factors/snRNP proteins/spliceosomai proteins (100). Among these 88 known proteins, 41
are distinct proteins found in Ul, U2, U4, US and U6 snRNPs. The other 47 proteins
include members of the SR family of splicing factors, DExD box splicing factors,
proteins that are found in the salt-stable spliceosome 'core', second catalytic step splicing
factors and known components of the spliced messenger ribonucleoprotein (mRNP) that
promote mRNA transport to the cytoplasm. Interestingly, a number of factors involved in
genetic diseases, like retinitis pigmentosa (U4/U6-61K, U4/U6-90K, U5-220K) or cancer

(WTAP), are also associated with spliceosomes. Besides these known splicing factors,
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they also found 58 proteins that have not been previously identified as spliceosomal
proteins in humans. 36 of these proteins have previously been named and the rest are
uncharacterized. Some of these 58 proteins have been suggested by others to be involved
in splicing. One example is cyclophilin-like proteins. Recent studies revealed a role for
one cyclophilin (U4/U6-20K) in splicing, and these data suggest that cyclophilins may
have a general function in mediating conformational changes in the spliceosome. The fact
that some of these proteins contain domains which resemble RNA recognition motifs or
DExD boxes, are known to co-localize with splicing factors in nuclear speckles and/or to
localize in the nucleus and many of the proteins have known yeast counterparts that

function in mRNA processing strongly surpport they are also splicing related proteins.

Mann’s study also revealed the same type of protein catalog of the spliceosomes,
only with a larger number of components (99). A total of 311 proteins were identified.
More than 40 percent of the identified proteins have a known function related to splicing
or RNA processing. The first group is the core snRNP proteins (Sm proteins), all that are
present in U1, U2, U4, and US snRNPs were identified; six of the seven Lsm proteins that
substitute for Sm proteins in the U6 snRNP were also detected. The second group is
39 non-snRNP protein splicing factors, including early-acting factors such as splicing
factor 1 (SF1) and late factors such as Slu7(required for the second catalytic step of the
splicing reaction) and Aly (for RNA export). The third group is 20 hnRNP proteins which
are defined by a common RNA-binding motif and are thought to have diverse functions
in RNA protection and processing. Some hnRNPs are known to be splicing factors, such
as GRY-RBP/hnRNP Q. The fourth group is 27 other RNA-processing-related proteins.

These proteins have functions closely associated with splicing, such as 5' cap binding
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proteins (CBP) 20, CBP 80 and the 3’ end cleavage and polyadenylation factor (CPSF).
This research team also found a large number of unknown novel proteins in their analysis.
Compared to their previous study, they found 96 new proteins associated with
spliceosomes. Many of these proteins have a domain structure suggesting their role in
splicing/RNA processing -- 55 proteins have sequences similar to known splicing factors
or domains that implicate them in RNA processing. They also found a number of proteins
involved in transcription and cellular regulatory mechanisms, indicating some form of

coupling of these processes to splicing.

Although proteomic analysis is a powerful tool to analyze spliceosome, it is
important to notice that not all the spliceosome components would be detected. If a
protein was small or not abundant, it would generate few detectable tryptic peptides, and
thus not be able to be detected by this analysis. Moreover, since most of the proteomic
studies use very stringent conditions for complex purification, if a component is not
tightly associated with the spliceosome, it is likely this protein will be lost during the

purification step.
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Part C Galectin involvement in splicing

Galectins have been known for many years. But the intracellular function of
galectins has only been recognized in recent years. The splicing activity of galectin-1 and
galectin-3 was first hinted by cesium sulfate density gradient centrifugation. In this
experiment, galectin-3 was found not only as a free protein, but also co-sedimenting with
hnRNP and snRNP complexes, which are related to pre-mRNA splicing. In another
experiment, when treated with ribonuclease, the immunoflurescence staining pattern of
galectin-3 associated with the nuclear structures was abolished, indicating galectin-3 is
associated with ribonucleoprotein complexes. The third line of evidence is that confocal
immunofluorescence microscopy shows galectin-3 and galectin-1 co-localize with Sm
core proteins and SC35, a non-snRNP splicing factor, in a subnuclear region called
speckles. Speckles are the storage sites for splicing factors (23, 103). All of these results

point to the possibility that galectin-3 is a splicing factor.

To confirm galectins as splicing factors, functional assays have been performed.
Two types of assays were employed. The first assay is using denaturing gel
electrophoresis to analyze spliceosomal substrate RNA species. During the splicing
reaction, pre-mRNA will be converted into mature mRNA. Together with intermediate
RNA species, they will be resolved by this gel system (102). The second way of analysis
is to form different splicing complexes and resolve these complexes by native gel
electrophoresis. An ideal assay will show H/E, A, B and C complexes (102). The role of
galectins in splicing can thus be illustrated by saccharide inhibition and depletion-

reconstitution experiments.
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HeLa cell nuclear extract (NE) is capable of carrying out in vitro splicing
reactions. When saccharides with high galectin binding affinity (lactose or TDG) were
added, the in vitro splicing reaction was inhibited. This phenomenon was not observed
when saccharides without affinity for galectins were added. This suggests a role of
galectins in splicing. In the process of depletion and reconstitution, removal of galectins
from NE, either by lactose affinity chromatography or by antibody-mediated depletion,
abolished the splicing activity of the nuclear extract. When galectin-1 or galectin-3 was
added to the depleted extract, the splicing activity was restored (Figure 3), confirming
galectin-1 and -3 are bona fide splicing factors and their roles in splicing are redundant

(103).

Recently, the discovery of a galectin-1 protein ligand gives support for the above
conclusion. Using a yeast two hybrid analysis, a binding partner of galectin-1, Gemin-4,
was isolated from a HeLa cell cDNA library. The direct interaction between galectin-1
and Gemin-4 was also confirmed by a GST pull down experiment (37). Gemin-4 is a
component of the SMN complex. The SMN complex is responsible for the assembly of
snRNPs in the cytoplasm and the recycling of snRNPs in the nucleus after one round of
splicing (104). Thus, a link between galectin-1/-3 and snRNP complexes was established.
The most recent discovery in this area is the association of nuclear galectins with a
transcription factor TF II-I. Since pre-mRNA splicing appears to occur both co-
transcriptionally and post-transcriptionally, this observation may suggest a linkage role of

galectins in mRNA processing.
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Figure 3: Depletion and reconstitution of splicing activity of nuclear
extract with galectin-1 and -3. Nuclear extract lost its splicing activity
through antibody-mediated depletion (lane 2). When recombinant galectin-
1 or galectin-3 were added back (lanes 3 and 5), the splicing activity of the
depleted nuclear extract was restored. This reconstitution was inhibitable
by thiodigalactoside (TDG) (lanes 4 and 6) (103).
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Although these results have suggested that galectins are splicing factors, it must
be acknowleged that mutant mice with galectin-1 and galectin-3 genes knocked out are
viable and fertile (though some physiological changes could be observed). This indicates

that galectins’ function could be replaced by other proteins in a living system.
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Chapter 2

Immunoprecipitation of spliceosomal RNAs by antisera to galectin-1

and galectin-3

Nucleic Acids Res. 2006 Oct 6; Epub
Abstract
We have shown that galectin-1 and galectin-3 are functionally redundant splicing factors.
Now we provide evidence that both galectins are directly associated with spliceosomes
by analyzing RNAs and proteins of complexes immunoprecipitated by galectin-specific
antisera.- Both galectin antisera co-precipitated splicing substrate, splicing intermediates
and products in active spliceosomes. Protein factors co-precipitated by the galectin
antisera included the Sm core polypeptides of snRNPs, hnRNP C1/C2 and Slu7. Early
spliceosomal complexes were also immunoprecipitated by these antisera. When splicing
reactions were sequentially immunoprecipitated with galectin antisera, we found that
galectin-1-containing spliceosomes did not contain galectin-3 and vice versa, providing
an explanation for the functional redundancy of nuclear galectins in splicing. The
association of galectins with spliceosomes was (i) not due to a direct interaction of
galectins with the splicing substrate and (ii) easily disrupted by ionic conditions that had
only a minimal effect on snRNP association. Finally, addition of excess amino terminal
domain of gale