
,
a
w
n
?

m
f
fl

E
m
u
“
.
m
c
x
m
é
u
e
n

:
1

:
3

.
.
u
h
Q
1

L
i
a
m

.-
s

‘

 

 

7
.

h
,

.
1
.
;

I
»
.

~
g

.
3
5
u
h
q

.
I
‘
.

f
.
’

t
!

“
H
a
n
n
a
h
?

‘

4
.
1
.

L
.
.
.

.
.

.

b

I

g
u
n
.
)

I
\

:
9
}
£

.

y
.

c
.
Y
.
.
.

A
.
‘
2
2
:
?
?
q
u

9
.
9
.

.
.
.

.
a
,

r
‘

5
+

a
.

g
r
g
r
a
w

w
.
.
.

“
w
h
i
c
h
“

..
.
F
fi
.
‘

h
.

.

.
a

.
..

4
:
:

‘
T
e
.
.

.
.
.
.
.
.
,
.
A
.
.
.
n
.
.
.
.
r
u
r
.

B
.

R
V
-
v

m
,.

.7
.
5
.
.
.
3
,
T
W
u
¢

‘
fi
r

h
m
“
t
h
a
n

~
1

.
:

_
.
v

.
k

.
:

.
.

‘
_
I
f

A
.

L
.
.
.
.
1
.
¥
l
.
x

.
4

.

M
y

:
S

{
h
a
l
f

3
:
»
.

A
.

4

.
.
.
\

a
”
;

.
.

A
.

A
.

.

k
9
5

k
.

.

.
.

A
2
.
5
3
.
}
.

l
t
:
.
'
.
M
i
.

 



This is to certify that the

dissertation entitled

GALECTlN-1, GALECTlN-3, AND TFIl-l

IN PRE-MRNA SPLICING

presented by 

RICHARD MITCHELL GRAY

has been accepted towards fulfillment

of the requirements for the

PhD. degree in Biochemistry and Molecular

Biology
 
 

94%
major Professor's Signature

‘l/I‘f/aé
 

Date

MSU is an Afiinnative Action/Equal Opportunity Institution

 

 



PLACE IN RETURN Box to remove this checkout from your record.

TO AVOID FINES return on or before date due.

MAY BE RECALLED with earlier due date if requested.

 

DATE DUE DATE DUE DATE DUE

 

 

 

 

 

 

 

 

 

       2/05 p:/ClRC/DateDue'mdd-p.1



GALECTIN—l, GALECTIN—B, AND TFII-I IN PRE-MRNA SPLICING

By

Richard Mitchell Gray

A DISSERTATION

Submitted to

Michigan State University

In partial fulfillment of the requirements

For the degree of

DOCTOR OF PHILOSOPHY

Department of Biochemistry and Molecular Biology

2006



ABSTRACT

GALECTIN-l, GALECTIN-3, AND TFII-I IN PRE-MRNA SPLICING

By

Richard Mitchell Gray

Galectin-l (Gall) and galectin-3 (Ga13) are two members of a family of galactose-

specific carbohydrate-binding proteins. The polypeptide of Gall consists of a single

domain, designated as the carbohydrate recognition domain (CRD). The polypeptide of

Gal3 contains two domains, an NHz-terminal domain rich in proline and glycine residues

and a COOH-terminal CRD. Both proteins are found in the nucleus of cells. Previous

studies had shown that Gall and Gal3 are involved in nuclear splicing ofpre-mRNA.

The experiments in this thesis were performed to investigate the role of the domains in

the splicing activity of the polypeptides.

Gal3 was expressed and purified as a fusion protein with glutathione S-transferase

(GST). When nuclear extracts of HeLa cells were subjected to adsorption on GST-Gal3

beads, the general transcription factor II-I (TFII-I) was identified as one of the

polypeptides specifically bound. Lactose, a saccharide ligand of the galectins, inhibited

GST-Gal3 pull-down of TFII-I from nuclear extract. Antibodies directed against TFII-I

inhibited the splicing reaction in a dose-dependent fashion and co-precipitated

spliceosomal RNA and proteins. These results suggest that TFII-I associates with

galectin-l- or galectin-3-containing spliceosomal complexes.

Three site-directed mutants of Gall were expressed and purified as fusion proteins

with GST. These mutants, designated as GST-Gall(N46D), GST-Gall(C6OS), and GST-

Gall(E7lQ), were compared with the wild-type Gall construct, GST-Gall(WT), in three



assays: (a) binding to asialofetuin-Sepharose as a measure of carbohydrate-binding

activity; (b) pull-down of TFII-I from nuclear extract; and (c) reconstitution of splicing in

nuclear extract depleted of galectins. GST-Gall(N46D) exhibited a marked decrease in

carbohydrate-binding activity compared to GST-Gall(WT). Both GST-Gall(WT) and

GST-GallCN46D) were equally efficient, however, in pull-down of TFII-I and in

reconstitution of splicing activity. Together, these results suggest that the Gall

saccharide-binding activity per se is not required for the splicing activity.

Monoclonal antibody NCL-GAL3 reacts with an epitope in the NHz-terminal 14

amino acids of the Gal3 polypeptide. Addition of this antibody to splicing competent

nuclear extract inhibited the splicing reaction. In contrast, the epitope of a second

monoclonal antibody, anti-Mac-Z, maps to residues 48-100, containing PGAYPGXXX

repeats. This antibody had no effect on splicing. A synthetic peptide containing three

perfect repeats of the sequence PGAYPGQAP (27-mer) inhibited the splicing reaction.

In contrast, addition of peptides corresponding to a single iteration (9-mer) or two repeats

(18-mer) of this motif failed to yield the same effect. . One interpretation of these results

is that the portion of the Gal3 polypeptide bearing the PGAYPGXXX repeats is

sequestered through interaction with the splicing machinery and is inaccessible to the

anti-Mac2 antibody.

Together, the results indicate that both the proline- and glycine-rich domain, as well

as the CRD, interact with the spliceosomal machinery. Although the CRD contains the

saccharide-binding site of the Gall and Gal3 polypeptides, the carbohydrate-binding

activity is not required for splicing activity.
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CHAPTER 1

Literature Review



I. Galectins

A. The galectin family

The galectins are a family of carbohydrate-binding proteins that share two key

properties: (a) binding affinity for B-galactosides; and (b) conserved sequence elements

in the carbohydrate-binding site (1). To date, fifteen mammalian galectins have been

identified (Figure 1, panel A) and numbered sequentially according to the accepted

numbers for their genes in the Genome Database. Galectins have also been identified in

many non-mammalian species, including birds, amphibians, fish, worms, sponges and

fungi (2). Screening the databases of genomic DNA sequences and expressed sequence

tags has revealed additional candidates for membership in the mammalian galectin

family, as well as putative galectins in plants and viruses (3).

Each member of the galectin family contains at least one domain of about 130

amino acids; this domain binds to saccharides and is therefore designated the

Carbohydrate Recognition Domain (CRD). Based on the number and organization of

domains in the polypeptides, the galectins have been classified into subfamilies (Figure 1,

panel A) (4): (a) the Prototype group (galectins-1, -2, -5, -7, -10, -1 l, -13, -l4, and -15)

contains one domain, the CRD; (b) the Chimera group (galectin-3) contains an unusual

proline- and glycine-rich domain (also about 130 amino acids) fused onto the CRD; and

(c) the Tandem Repeat group (galectins-4, -6, -8, -9, and -12) contains two CRDs.

The three-dimensional structures of the CRDs derived from galectins-1, -2, -3, -7

and -10 have been elucidated by X-ray crystallography. They all show a highly

conserved tight fold, with two anti-parallel B-pleated sheets forming a sandwich-like

structure (5). Amino acid side chains on one of these sheets form the core carbohydrate-



Figure 1. Schematic diagram illustrating the polypeptide architecture of the

galectin family and the backbone folding of a typical carbohydrate

recognition domain.

A) Diagram illustrating the domain organization of each galectin subfamily.

CRD, carbohydrate recognition domain. Conserved amino acid residues in the

CRD are highlighted. The N-terminal domain of galectin-3, the sole

representative of the Chimera group, contains a repeating motif rich in proline

and glycine residues. The single letter amino acid code is used; X denotes any

amino acid. B) Illustration of the overall folding of the polypeptide backbone

of a typical CRD, featuring the two B-pleated sheets, derived from the X-ray

crystallographic structure of human galectin-7 (6). Residues (numbering

based on the human galectin-7 sequence) involved in binding of saccharide

ligands are highlighted.
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binding site. Figure 1B illustrates this typical CRD, derived from the crystal structure of

human galectin-7 (6). The highly conserved residues, responsible for saccharide-binding,

include H49, N51, R53, N62, W69, E72, and R74 (Figure 1, panel B). The interaction

between a galectin CRD and the monosaccharide ligand galactose is actually rather weak

(Kd values in the mM range). For most galectins tested, the disaccharide lactose binds

with about lOO-fold higher affinity than galactose alone (7). Some larger

oligosaccharides (e.g., polylactosarnine glycans) exhibit even higher affinity than lactose,

suggesting that the carbohydrate-binding site extends beyond the core binding site for

galactose. The amino acid residues forming this extended binding site are much less

conserved among the galectins than those of the core binding site and different galectins

show different affinity and specificity for longer oligosaccharides.

Each individual galectin is expressed in some tissue-specific or developmentally

regulated fashion. The composite picture derived from these studies highlights three

important facts (3): (a) any given organism usually expresses multiple members of the

galectin family; (b) different cells within an organism usually contain a different

complement of galectins; and (c) almost all cells have at least one galectin. Of the 15

galectins identified so far, eleven have been documented or explicitly stated to be found

in the nucleus, as well as in the cytoplasm, of cells (4). On the other hand, nine of the

same 15 galectins have been shown to be found outside of cells. Thus, in addition to

binding galactose-containing glycoconjugates, some members of the galectin family

share another property in terms of their cell biology. They exhibit dual localization,

being found in both the intracellular (cytoplasm and nucleus) as well as the extracellular

(cell surface and medium) compartments (8). It is generally assumed that all known



galectins are synthesized on cytoplasmic ribosomes, so observations of such proteins in

the cytoplasm might not be surprising. However, the finding of any individual galectin

both in the nucleus and at the cell surface seems unusual. Following synthesis, there

appears to be selective intracellular targeting of specific galectins to subcompartments of

the cytosol, to the nucleus, and even to membranes and membrane-bounded vesicles.

The mechanism of externalization also appears to be unusual because none of the

galectins contains an obvious signal sequence for directing the polypeptide into the

classical endomembrane pathway for secretion (9).

B. Galectin-l

1. Structure and chemical properties of galectin-1

Galectin-1 (Mr ~14 kD) is promiscuously expressed in adult mammalian tissues,

including muscle, liver, lung, heart, skin, cells of the immune system, and olfactory

neurons. Its spatial and temporal patterns of expression during mouse embryogenesis

have also been studied in detail (10). The galectin-1 transcript is first detected on day 4

of development, immediately before implantation. Its expression is restricted to the outer

cells of the hatched blastocyst. By day 9, galectin-1 can be found within the myotomic

portion of the somites. Later in embryogenesis, most organs express galectin-1 with high

levels in mesodermal cells, especially muscle and liver.

The galectin-l polypeptide consists of a single CRD, which can form non-

covalently associated dimers (Figure 1, panel A). It is synthesized on free ribosomes

(11). Amino acid sequence analysis showed that the polypeptide, purified from tissue

extracts, is acetylated at the N-terminus (12). Both of these observations are more typical

of cytosolic proteins than secreted proteins. Indeed, there are numerous reports on the



cytoplasmic localization of galectin-1; these include, for example: (a) myoblasts (13)

(14); (b) Chinese hamster ovary cells (15), (c) follicle cells of fetal thyroids (16); and (d)

intrahepatic cholangiocarcinoma cells (17).

However, the studies on myoblasts highlight the fact that the cytoplasmic

localization can change as a function of differentiation (13, 14). The intracellular

staining of the protein decreased as myoblasts firsed into myotubes; this is accompanied

by its externalization via a novel secretory mechanism involving small evaginations or

blebs of the plasma membrane (13). Similarly, the human leukemia cell line K562

expresses galectin-l in the cytosol. Treatment of K562 cells with erythropoietin induced

an erythroid phenotype and led to the externalization of cytosolic galectin-l (18).

2. Binding partners and biological activities of galectin-1

In the cytoplasm of H-Ras(12V)-transformed Rat-1 (EJ) cells, galectin-l mediates

the membrane anchorage of the H-Ras oncogene product, thereby allowing cell

transformation (19). Direct interaction between galectin-l and H-Ras(12V) was

demonstrated and this interaction of galectin-1 was not sensitive to lactose inhibition but

appeared to be specific for H-Ras(12V) when compared to other Ras isoforrns.

Moreover, galectin-l was shown to be essential for the membrane localization of Ras.

An inhibitor of Ras membrane anchorage reduced the amount of H-Ras(12V) and

galectin-1 found in the plasma membrane. Co-expression of an antisense RNA for

galectin-l and a Green Fluorescence Protein (GFP)-H-Ras(12V) construct resulted in less

membrane-associated Ras. Consistent with the known significance of membrane

anchorage of Ras to malignant transformation, galectin-1 overexpression resulted in cell

transformation, while its antisense RNA inhibited such transformation (19). In BHK



(baby hamster kidney) cells expressing an antisense RNA for galectin-1, there was a

reduction of H-Ras(12V) clustering in plasma membrane nonraft microdomains, as well

as a decrease in galectin-1 expression. It is proposed that galectin-1 may help stabilize

interactions of H-Ras with these nonraft microdomains (20). Thus, it appears that an

important interacting partner of galectin-1 in the cytosol is H-Ras(12V) (Table I).

There are also reports that describe galectin-l both in the cytoplasm and nucleus;

these include, for example: (a) Langerhans cells and fibroblasts (21); (b) osteoblasts (22);

(c) smooth muscle cells of the respiratory and digestive tracts (23); (d) Sertoli cells of the

testis (24, 25); and (e) HeLa cervical carcinoma cells (26). In the latter study, it was also

shown that, in the nucleus, a significant portion of the galectin-l co-localized with the Sm

epitopes on core polypeptides of small nuclear ribonucleoproteins (snRNPs) and the

serine- arginine-rich (SR) protein SC35 in speckled structures associated with the nuclear

matrix (26, 27). Both snRNP core proteins and SC35 have been documented as bonafide

components of the nuclear machinery for the splicing of pre-messenger RNA (pre-

mRNA). Using nuclear extracts derived from HeLa cells, depletion and reconstitution

experiments showed that, indeed, galectin-1 (and galectin-3, see below) is a required

factor in the splicing ofpre-mRNA as assayed in a cell-free system (27). Consistent with

this activity, a yeast two-hybrid screen identified the carboxyl-terminal 50 amino acids of

the protein Gemin4 (designated hereafter as Gemin4(C50)) as an interacting partner of

galectin-1 (28). A direct interaction between galectin-1 and Gemin4(C50) was

demonstrated in pull-down assays using the fusion protein containing glutathione S-

transferase (GST) and Gemin4(C50) (Table II).



Table I

Galectin ligands and associated activities in the cytoplasm

 

Galectin

 

 

 

 

Ligand Associated Activity Reference

1 Ras Membrane anchorage (19,20)

3 301-2 Apoptosis inhibition (45, 43)

Synexin Apoptosis inhibition (32)

Chrp ? (36. 87)

Cytokeratin ? (33)

Table II

Galectin ligands and associated activities in the nucleus

Galectin Ligand Associated Activity Reference

1 Gemin4 pre-mRNA splicing (23)

3 Gemin4 pre-mRNA splicing (23)

Tl'F-1 activation (72)

CBP 70 ? (35)

 



Gemin4 is found in both the cytoplasm and nucleus, as a member of either the

SMN (Survival of Motor Neuron protein) complex or the microRNA particle (29, 30).

SMN is encoded by the gene identified for the disease spinal muscular atrophy (31); it

was the first identified component of a set of macromolecular complexes containing ~15

polypeptides, including Gemin2 through Gemin7, as well as the core polypeptides of

snRNPs (32). The SMN complex plays a role in biogenesis of snRNPs in the cytoplasm,

before their entry into the nucleus (33). Nuclear SMN-containing complexes are thought

to recycle/resupply snRNPs to the early (H/E) complexes in the spliceosome assembly

pathway (34). Nuclear extracts depleted of galectins-1 and -3 assemble pre-mRNAs into

H/E complexes, but show no conversion of these complexes into higher-order active

splicing structures (3 5). Thus, the findings that galectin-1 interacts with Gemin4 offer

mechanistic insights regarding its role in the splicing pathway by implicating the H/E

complex as the locus of action of galectin-1 in spliceosome assembly.

Although the above discussion has highlighted the activities of galectin-1 in the

cytosol and nucleus, it should be noted that numerous studies have implicated a host of

activities mediated by the protein in the extracellular compartment, including, for

example, cell adhesion, establishment and maintenance of synaptic connectivity in

olfactory neurons, and induction of apoptosis in T-lymphocytes (for reviews, see (2)).

The relationship between any of the intracellular and extracellular activities of galectin-1

(e.g., between nuclear RNA processing and apoptosis induced by exogenously added

galectin-1) remains to be explored. In assigning any specific function to galectin-1, it is

important to acknowledge that mutant mice with a disrupted galectin-1 gene have been

generated (36). These mice were viable and fertile, thus implying that there is no
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absolute requirement for the protein in the fundamental activities assigned. Rather, the

protein seems to optimize certain processes such as axon guidance in olfactory bulbs

(37).

C. Galectin-3

1. Structure and chemical properties of galectin-3

Galectin-3 (Mr ~30 kD) consists of a single polypeptide, whose amino acid

sequence suggests that it is a chimera oftwo distinct domains: a very unusual NH;-

terrninal domain (ND) fused onto the COOH-terminal CRD (CD) (Figure 1, panel A).

The ND is characterized by multiple internal sequence homologies, each of which

consists of a 9-residue repeat with a consensus sequence of Pro-Gly-Ala-Tyr-Pro-Gly,

followed by three additional amino acids. Thus, the ND is rich in proline and glycine

residues. The carbohydrate-binding CD contains a core sequence of about 130 amino

acids whose crystal structure revealed a folding pattern typical of a CRD (Figure 1, panel

B) (38).

Physico-chemical studies have been carried out on the mouse (39) and hamster

(40, 41) homologs of galectin-3, as well as purified ND and CD preparations. These

studies have indicated that the two domains of galectin-3 are structurally, as well as

functionally, distinct. Differential scanning calorimetry of murine galectin-3 yielded

distinct transition temperatures for ND (~40 0C) and CD (~55 °C), both in the full-length

polypeptide and as isolated preparations of individual domains (3 9). Although this

suggested that the two domains are folded independently, more recent nuclear magnetic

resonance experiments suggest that portions of the ND may interact with the CD (41).

These studies, as well as work on the human homolog (42, 43), clearly show that the CD
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bears the carbohydrate-binding activity of the protein. The binding of galectin-3 or its

CD to saccharide ligands is accompanied by a conformational change (39), with

rearrangement of the backbone loops near the binding site (44).

Within the CD of galectin-3 is the sequence NWGR. This sequence motif is

found in the Bel-2 family of apoptosis repressors, responsible for the homo- and hetero-

dimerization of the polypeptides. Indeed, galectin-3 interacts with Bel-2 and exhibits

anti-apoptotic activity (45, 46) (see below). The CD can also self-associate through this

NWGR motif and this mode of homodimerization is inhibitable by the saccharide ligands

of the lectin (47). A site-directed mutant, with a tryptophan to leucine replacement in the

NWGR motif (the W181L mutant), can no longer undergo self-association through the

CD. Thus, it appears that the CD is responsible for the oligomerization of galectin-3 in

the absence of saccharide ligands.

Several studies have documented that galectin-3 can also self-associate through

the ND. Both hemagglutination and positive cooperativity in the binding of galectin-3 to

solid phase immunoglobulin E were demonstrated for the full-length polypeptide but not

the CD, implying that the ND was critical for self-association in the presence of

saccharide ligands (42). Electron microscopic imaging ofND fragments revealed the

presence of fibrils formed by intermolecular interactions (41). Cross-linking studies also

showed self-association of galectin-3 (42) and the ND (40). Finally, it has been reported

that the W181L mutant of galectin-3, which can no longer undergo protein-protein

interactions through the NWGR motif in the CD, can still bind to wild-type galectin-3

through interactions of the ND (47).

2. Expression and localization of galectin-3
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During mouse embryogenesis, galectin-3 has been detected in the trophectoderm

of the 45-day old blastocyst (48). Although this initial localization overlaps with

galectin-1, the spatial patterns of expression for the two proteins diverge thereafter.

Between 8.5 and 11.5 gestational days, galectin-3 is observed only in notochord cells.

During later stages of development (12 days and beyond), its expression is restricted to

the cartilage of vertebrae, ribs, and facial bones, the suprabasal layer of epidermis, the

endodermal lining of the esophagus, larynx, and bladder, and in macrophages. In adults,

galectin-3 is ubiquitously expressed.

Like galectin-1, the N-terminus of the galectin-3 polypeptide, isolated from cell

extracts, is blocked by acetylation (49). The localization of galectin-3 in both the nucleus

and the cytoplasm of various cell types has been documented at both light microscopy

and ultrastructural levels (50-53). Moreover, the nuclear versus cytoplasmic distribution

of the protein can be altered by a number of conditions as seen in the following examples.

First, adaptation of murine peritoneal macrophages to in vitro culture reduces the nuclear

content of galectin-3 (54). It has also been shown that nuclear galectin-3 is elevated in

macrophages derived from tumor-bearing hosts, relative to those from normal hosts (55).

Second, galectin-3 expression and its intracellular distribution varies along the crypt-to-

surface axis of human colonic epithelia. The protein is concentrated in nuclei of

differentiated colonic epithelial cells. The progression from normal mucosa to adenoma

to carcinoma is characterized by a striking absence of galectin-3 in the nuclei of adenoma

and carcinoma cells (56, 57). This general trend of shifting the nuclear localization of

galectin-3 in favor of the cytoplasmic compartment during neoplastic progression has
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also been reported for tongue, prostate, and follicular and papillary thyroid cancer (58-

60).

Third, in fibroblasts, the nuclear versus cytoplasmic distribution of the protein

was dependent on the proliferation state of the cells under analysis. In quiescent cultures

(serum-starved or density inhibited), galectin-3 was predominantly cytoplasmic;

proliferating cultures of the same cells showed intense nuclear staining (61). Parallel

nuclear run-off transcription assays and Northern blotting for accumulated mRNA levels

showed that galectin-3 is an immediate-early gene, whose activation upon serum

stimulation of quiescent fibroblasts does not depend on de novo protein synthesis (62).

Finally, human diploid fibroblasts have a finite replicative lifespan when subjected to in

vitro culture. While galectin-3 could be found in both the nucleus and cytoplasm of

young, proliferating cells, the protein was predominantly cytoplasmic in senescent human

fibroblasts that have lost replicative competence (63, 64).

Galectin-3 shuttles between the nucleus and cytoplasm (65). Gong et al. (66)

reported that deletion of the first 11 amino acids of galectin-3 resulted in a mutant

exhibiting cytoplasmic (and no nuclear) localization. Moreover, when the first 11 amino

acids were fused to Green Fluorescent Protein, a mainly nuclear distribution of the

reporter was observed. In contrast to these results, Gaudin et al. (67) transfected Cos-7

cells with cDNAs encoding mutants of galectin-3 containing N-terrninal or internal

deletions and showed that nuclear localization does not require the NHz-terminal 100

residues or so. Consistent with conclusions of Gaudin et al. (67), more recent studies

have identified an ILXT sequence (residues 253-256 of the murine polypeptide) as

critical for nuclear localization (68). Nuclear galectin-3 is rapidly and selectively
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exported via a leptomycin-inhibitable pathway, suggesting the involvement of the CRMl

export receptor (69). Consistent with this notion, a leucine-rich nuclear export signal has

been identified (residues 241-249 of the murine galectin-3 sequence); this nuclear export

signal is conserved in the amino acid sequences of galectin-3 from various species (70).

3. Binding partners and biological activities of galectin-3

Galectin-3 in the nucleus is associated with the ribonucleoprotein components of

the nuclear matrix (51, 71). Under both light microscopy and electron microscopy,

treatment of unfixed, perrneabilized fibroblasts with ribonuclease A removed the nuclear

staining for galectin-3 whereas parallel treatment with deoxyribonuclease failed to yield

the same effect (51, 52). When nucleoplasm was subjected to sedimentation in a cesium

sulfate gradient, galectin-3 was found in fractions with densities (1 .3-1.35 g/ml) matching

those reported for the heterogeneous nuclear RNPs (hnRNPs) and snRNPs. On this basis,

depletion and reconstitution experiments were carried out to document that galectin-3

was a required factor in the splicing ofpre-mRNA in a cell-free assay (35). Although it

has been reported that galectin-3 binds to single-stranded DNA in a lactose-independent

manner (51, 71), other evidence suggests that the interaction between galectin-3 and pre-

mRNA is indirect, most likely mediated via protein complexes containing Gemin4 and

SMN. Like galectin-1 (see above), galectin-3 binds to Gemin4(C50) in GST pull-down

assays (28). Three lines of evidence converge at the H/E complex to implicate it as the

locus of action of galectin-3 in the splicing pathway: (a) nuclear extracts depleted of

galectins are arrested in spliceosome assembly at the H/E complex and are inhibited in

terms of splicing activity; (b) the addition of the Pro- and Gly-rich ND of galectin-3 to a

splicing competent extract results in a dominant negative effect, arresting spliceosome
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assembly at the H/E complex and inhibiting splicing activity; and (c) galectin-3, along

with galectin—1, is found in SMN-containing complexes which supply functional snRNPs

to the H/E complex in the pathway of spliceosome formation. Thus, Gemin4 is an

important interacting partner of galectin-3 in the nucleus (Table II).

In the nuclei of papillary thyroid cancer cells, galectin-3 also interacts with

thyroid transcription factor 1 (TTF-l) (72). This conclusion is derived from GST pull-

down assays which demonstrated a direct interaction between galectin-3 and the

homeodomain of TTF-l (Table II). In addition, gel retardation assays showed that this

interaction stimulated the DNA-binding activity of TTF-l. Thus, galectin-3 can up-

regulate the transcriptional activity of TTF-l, contributing to the proliferation of the

thyroid cells. In a similar vein, galectin-3 can also exert a growth promoting effect

through induction of cyclin D1 (73). In the nuclei ofhuman breast epithelial cells, it

appears that galectin-3 can enhance or stabilize nuclear protein-DNA complex formation,

as revealed by gel retardation assays, at the CAMP-responsive element of the cyclin D1

promoter.

The positive effect of galectin-3 on cell growth has been demonstrated in other

systems. First, transfectants of human T lymphoma Jurkat cells expressing galectin-3

were found to increase in cell numbers more rapidly than control transfectants under

suboptimal conditions (e.g., low serum) (45). Second, human breast cancer MDA-

MB435 cells transfected with anti-sense galectin-3 cDNA suppressed the expression of

endogenous galectin—3; these cells exhibited decreased cell proliferation compared to

control transfectants (74). Finally, when T-lymphocytes were induced to proliferate by

anti-CD3 antibody or IL-2, IL-4, and IL-7, the expression of galectin-3 was elevated.
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When specific antisense oligonucleotides were used to suppress the expression of

galectin-3, the proliferative response of the lymphocytes to the mitogenic stimuli was

decreased (75). These observations could be interpreted either in terms of a growth

promoting effect of galectin-3 or in terms of an effect of the protein in protecting cells

from death.

Indeed, galectin-3 exhibits anti-apoptotic activity. Jurkat cell transfectants

ectopically expressing galectin-3 survived longer than control transfectants when

subjected to a variety of apoptosis-inducing agents, including anti-Fas receptor antibody

and staurosporine (45). It has also been shown that galectin-3 inhibits apoptosis caused

by the loss of cell anchorage (anoikis) (46). The apoptosis inhibiting activity of galectin-

3 has been documented in a number of other cell culture systems (46, 76, 77), as well as

in cells derived from galectin-3 deficient mice (78). Peritoneal macrophages are

susceptible to apoptosis when challenged with inteferon y or lipopolysaccharide.

Compared to macrophages derived from wild-type mice, those cells derived from

galectin-3 deficient mice died more rapidly. In an independent line of galectin—3 null

mutant mice, Colnot et al. (79) also observed that there was a reduced number of

granulocytes in the peritoneal cavity, compared to wild-type controls, upon injection of

thioglycolate broth. It was noted, however, that the granulocytes in the mutant mice did

not exhibit an accelerated rate of apoptosis and their uptake by macrophages appeared to

be unaffected by the galectin-3 mutation.

A number of studies have provided hints regarding the mechanisms and signaling

pathways by which galectin-3 antagonizes apoptosis. First, galectin—3 and the apoptosis

repressor Bel-2 share similarities in features of their polypeptides; both proteins are rich
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in proline, glycine, and alanine at the N-terminal region and both contain an NWGR

quartet in the C-terminal portion (45). Substitution of glycine to alanine in this NWGR

motif abrogates the anti-apoptosis activity (46). Galectin-3 binds to Bel-2 in vitro,

mimicking the ability of the Bel-2 family members to form heterodimers (45). Thus, Bd-

2 is an important ligand of galectin-3 in the cytoplasm (Table 1).

Second, Kim et al. (80) demonstrated that galectin-3 inhibits anoikis by down-

regulating cyclins E and A and up-regulating their inhibitory proteins, p21WAFICipl and

p27Km. It has also been reported that galectin-3, p21WAFICi“, and proliferating cell

nuclear antigen (an auxiliary subunit ofDNA polymerase 5) were each up-regulated

during a distinct period of repair in hepatocytes injured by administration of CC14 (81).

Moreover, galectin-3 was found to be phosphorylated at a tyrosine, suggesting the

possibility that it may function as a signaling protein downstream of a tyrosine kinase, as

a part of the hepatocytes' mechanism to undergo repair and escape from cell death.

Third, in apoptosis of BT549 human breast carcinoma cells induced by

administration of cisplatin, galectin-3 is translocated to mitochondrial membranes, where

it prevents mitochrondrial damage, cytochrome c release, and the consequent apoptosome

activity (82). This translocation is dependent on synexin, a Ca2+- and phospholipid-

binding protein. Direct interaction between galectin-3 and synexin was documented by a

yeast two-hybrid assay, as well as by GST pull-down assays. Thus, synexin is another

significant cytoplasmic ligand of galectin-3 related to the latter's apoptosis inhibiting

activity (Table 1).

Finally, a proteomic analysis of phagosomes derived from macrophage ingestion

of latex beads has identified, along with many hydrolases normally associated with
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phago-lysosomes, several proteins related to apoptosis including galectin-3, the 14-3-3

protein, and Alix/AIP-l (83). This same set of apoptosis-related proteins was also

identified when exosomes were analyzed by proteomics (84).

In addition to the ligands related to apoptosis, three other proteins that interact

with galectin-3, either in the cytoplasm (Table I) or in the nucleus (Table II), deserve

mention. CBP70 was isolated from HL6O cell nuclei on the basis of its binding to

glucose/N-acetylglucosamine affinity beads (85). It was found that galectin-3 was co-

purified with CBP70 (Table II). The interaction between CBP70 and galectin-3 was

disrupted by lactose binding to the latter protein, suggesting that the binding of CBP70

and saccharide ligands to galectin-3 was mutually exclusive. In contrast, it appears that

saccharides and the cysteine- and histidine-rich protein (Chrp) can bind to galectin-3

simultaneously (86, 87). Chrp was initially identified in a yeast two-hybrid screen of a

murine 3T3 cell cDNA library using galectin-3 as the bait. Direct interaction between

galectin-3 and Chrp was confirmed by immunoprecipitation and in vitro binding assays.

Immunofluorescence analysis revealed that, in 3T3 cells, Chrp was distributed throughout

the cytoplasm but was especially concentrated in a concentric ring at the nuclear

envelope (86). Thus, while the cytoplasm contained both galectin-3 and Chrp, the latter

protein appeared to be strikingly excluded from the nucleus where, in fact, galectin-3 is

found prominently. Chrp binds to the CD of galectin-3. Nevertheless, galectin-3, in

complex with Chrp, can still bind to carbohydrate-bearing ligands, including laminin

(87). Therefore, the CD of galectin-3 can simultaneously accommodate two ligands,

carbohydrate and Chrp (Table I).
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Most of the ligands listed in Tables I and II interact with galectin-3 via protein-

protein, rather than lectin-glycoconjugate, interactions. The two exceptions are

cytokeratin (Table I) and CBP70 (Table II). Goletz et al. (88) showed that some

cytokeratins are glycosylated and that the glycans include structures containing terminal

0.1-3 linked N-acetylgalactosamine residues, which potentially can serve as high-affinity

ligands for galectins. Moreover, in vitro binding of galectin-3 to cytokeratins was

documented. The binding was inhibitable by glycoconjugates bearing terminal N-

acetylgalactosamine and was sensitive to periodate oxidation or a-N-

acetylgalactosarninidase treatment of the cytokeratins. On this basis, cytokeratins appear

to be a natural carbohydrate ligand for cytoplasmic galectin-3 (Table I).

4. Phosphorylation of galectin-3

In mouse 3T3 fibroblasts, galectin-3 exists in two isoelectric variants: (a) a non-

phosphorylated species corresponding to the native polypeptide (p1 ~8.7); and (b) a phos-

phorylated derivative (pI ~8.2). The nonphosphorylated form is found exclusively in the

nucleus while phosphorylated galectin-3 can be found both in the nucleus and cytoplasm

(89). Mass spectrometric analysis of the canine homolog of galectin-3 identified serine-6

as the major site of phosphorylation in vivo, with a minor site at serine-12 (90) Human

galectin-3 was phosphorylated in vitro by casein kinase 1; phosphorylation significantly

reduced its binding to carbohydrate ligands while dephosphorylation fully restored the

saccharide-binding activity (91). In addition, cDNAs containing site-directed mutants of

galectin-3 at serine-6 were generated and used to transfect human BT549 breast

carcinoma cells. Both serine-6 mutants (86A and S6E) failed to protect cells from

cisplatin—induced apoptosis (92). The mutants also failed to protect cells from anoikis
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with G1 arrest when the BT549 cells were cultured in suspension. These results suggest

that phosphorylation of galectin-3 regulates its anti-apoptotic activity (92). The

relationship of serine-6 phosphorylation and the tyrosine phosphorylation mentioned

above (in association with hepatocyte survival from CCl4 intoxication (81)) remains to be

elucidated.

As was noted with galectin-1, it is important to acknowledge that mutant mice

have been generated in which the galectin-3 gene or both the galectin-l and galectin-3

genes were disrupted (78, 79, 93). The strains of mutant mice were viable and fertile,

thus implying that there is no absolute requirement for these proteins in the activities

assigned to them.
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II. Pre-mRNA Splicing

A. Chemical steps in pre-mRNA splicing

Pre-mRNA splicing of coding sequences (exons) is an essential post-

transcriptional modification for most eukaryotic transcripts (94). The process occurs in

the nucleus and involves removal of noncoding sequences, termed intervening sequences

or introns, present in the transcript. Accurate splice site selection is essential for

production of functional proteins and is effected by four consensus sequences. In

mammals, the 5’ splice site is characterized by the nucleotide sequence AG/GUAUGU

(where / is the exon/intron junction). The 3’ splice site is marked by the sequence

YAG/N (where Y=pyrimidine and N=any nucleotide) and is typically preceded by a

polypyrimidine tract. The branch point is located 1840 nucleotides upsteam of the 3’

splice site and is characterized by the sequence YNCURAC (where R=purine, and the

site of branch formation is shown in bold) (95). However, sequences which do not match

the consensus may still be spliced, and many splicing consensus sequences are not used

as splice sites. This causes alternative splicing, in which exons may be left out the the

mRNA (skipped). Certain introns may be included in the mRNA, and 5’ and 3’ splice

sites can be shifted to change exon length (96, 97).

The mechanism of splicing includes two ATP-independent trans-esterification

reactions (98-100). The first involves a nucleophilic attack on the phosphodiester bond at

the 3’ end of the 5’ exon by a 2’ hydroxyl group of the adenosine residue at the intron

branch point (Figure 2). This reaction generates the splicing intermediates consisting of

the free 5’ exon and the 3’ exon attached to the intron, which exhibits a closed loop

formation termed the lariat. The second step consists of a nucleophilic attack on the
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Figure 2. Schematic diagram illustrating the chemical steps in pre-mRNA splicing.

The splicing process consists of two trans-esterification reactions. The first

results in formation of free 5’ exon and and 3’ exon-intron lariat. The second

results in formation of ligated exons and the intron lariat. Consensus

sequences are indicated using the single-letter nucleotide code where

Y=pyrimidine and N=any nucleotide. P=phosphodiester bond.
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phosphodiester bond at the 5’ end of the 3’ intron by the 3’ hydroxyl group at the end of

the free 5’ exon. This reaction generates the splicing products consisting of the ligated

exons (mRNA) and the free intron lariat (101) (Figure 2).

B. Proteins involved in pre-mRNA splicing

In metazoans, this chemical mechanism is mediated by a host of splicing factor

proteins which are involved in orientation, stabilization, and disruption ofRNA within a

large complex designated the spliceosome (102, 103). However, two lines of evidence

suggest that RNA plays a substantial role in the splicing process. First, a group of introns

(termed group 11) present in organelles of lower eukaryotes and bacteria can undergo

splicing in the absence of protein components and ATP in vitro. The chemical

mechanism of this process is identical to nuclear pre-mRNA splicing (104, 105). Second,

mutagenesis and UV cross-linking studies have shown that the base-pairing interactions

between small nuclear RNA (snRNA) and pre-mRNA are necessary for specific stages of

spliceosome assembly during nuclear splicing (106, 107).

The spliceosome includes various groups of well-characterized proteins which

function during splicing (reviewed in (107-110). hnRNPs associate in vivo with nascent

RNA polymerase II transcripts (l 1 1, 112). This binding is independent of temperature,

ATP, and functional splice sites, suggesting that the interactions are not splicing-specific.

Direct roles for hnRNP proteins during the splicing process have not been determined,

but certain members of the family appear to function in alternative splice-site selection

(113-118). The SR proteins are characterized by an RNA recognition motif (RRM)

within the amino terminal domain, a glycine-rich “hinge” region, and a carboxyl terminal

domain enriched in arginine and serine (119). Members of this family include SC35,
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alternate splicing factor/splicing factor 2 (ASF/SF2), U2 associated factor (U2AF)35 and

65, polypyrimidine-tract binding protein (PTB), and PTB-associated splicing factor (PSF)

(120-129). This family is among the first proteins to interact with pre-mRNA and recruit

additional splicing factors to the assembling spliceosome (130, 131). The snRNPs are

essential components ofthe spliceosome and have been designated U1, U2, U4, U5, and

U6 (132-136). Each snRNP is composed of a snRNA (137), a set of snRNP core proteins

(designated Sm proteins), and snRNP-specific proteins. Each snRNA contains a uridine-

rich sequence which serves as the binding site for the Sm core proteins (138, 139) and

additional sequence elements which interact with pre-mRNA. There are eight Sm

proteins: B’ (29 kD), B (28 kD), D1(l6 kD), D2 (16.5 kD), D3 (18 kD), E (12 kD), F (11

kD), and G (9 kD). U1, U2, U4, and U5 snRNAs are trancribed by RNA polymerase II

and acquire a monomethyl cap. They are subsequently exported to the cytoplasm (140)

where they bind the Sm core proteins. This allows trimethylation of the guanosine cap

(141), and together the Sm core proteins and methylated cap form a nuclear localization

signal which allows transport of the snRNPs into the nucleus (142-144) for association

with the spliceosome. U6 snRNA is transcribed by RNA polymerase III (145) and

remains in the nucleus (146) where it associates with eight Sm-like (LSm) proteins (147)

before participation in pre-mRNA splicing.

Various splicing inhibitors and enhancers can act to control spliceosome

formation and splice site selection to generate desired altematively-spliced transcripts.

For example, a yeast homolog of the human U5-220 kD protein, called Prp8, is capable

of stabilizing the U4/U6 association to prevent formation of the catalytically active

spliceosome. In contrast, prp28, a yeast homolog ofhuman U5-100 kD protein,
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destabilizes the U4/U6 complex in conjunction with Brr2 (US-200 kD), thus acting as a

stimulator of splicing activity (148, 149). There also exist sequence motifs designated

exonic splicing enhancers (ESEs), which have been shown to affect splice site selection

in conjunction with trans-acting proteins (150).

The combined use of tandem mass spectrometry with automated database

searches has permitted a rapid identification of a large number of peptides assembled on

pre-mRNA (151-154). These studies have lead to the discovery of many proteins which

were not expected to be found in the spliceosome. Of particular interest is the discovery

of proteins involved in other gene expression steps including RNA processing,

transcription and translation. Neither galectin-1 nor galectin-3 has been identified in

these studies. One possible reason is that galectin-1 and -3 dissociate from the

spliceosome during the purification procedures used. They may also be present at sub-

stoicheometric amounts, making their identification within a complex sample more

difficult. The problem may also be the small size of the proteins (14 and 28 kD), which

limits the number of tryptic fragments for mass spectrometric analysis. Indeed,

Rappsilber et al. (153) speculate that the small size ofknown splicing factors Lsm5 (9.8

kD), U5 snRNP 15 kD peptide (16.7 kD), and U-snRNP-associated cyclophilin (19.2

kD), prevented identification of each protein in their study. Mass spectrometers can be

programmed with an inclusion list, which designates specific peptides to be subjected to

MS/MS analysis. Use of such a list containing the theoretical tryptic peptide sequences

of galectin-1 and -3 would aid in their identification, if present, during future mass

spectrometric analyses.

C. Spliceosome assembly
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In order for these proteins to effect splicing ofpre-mRNA, they must be

assembled stepwise into the active spliceosome (155). The first complex to form on pre-

mRNA is designated the H complex and is comprised ofhnRNP proteins bound to the

RNA in an ATP-, temperature—, and splice site-independent manner (Figure 3).

Formation of the early (E) complex is the next step in spliceosome formation and is

marked by ATP-independent (156) binding of U1 snRNP to the pre-mRNA. This

interaction is mediated through base pairing bewteen the 5’ splice site consensus

sequence and a highly conserved sequence at the 5’ end of the U1 snRNA (157, 158).

The interaction is stabilized by ASF/SF2 which may act to recruit U1 to the 5’ splice site

(159-162). The next addition consists of the heterodimer U2AF65-U2AF35. The 65 kD

subunit binds the polypyrimidine tract (116) and the 35 kD subunit binds the 3’ splice site

(163). U2AF35 brings both the 5’ and 3’ splice sites into proximity by interacting with

ASF/SF2 via the bridging protein SC35 (164). Formation of the A complex is

characterized by recruitment ofU2 snRNP to the branch point by U2AF. Upon binding,

U2 snRNA hybridizes with the branch site (165). This requires ATP and causes the

bulging of the branch point adenosine, helping to set up its nucleophilic attack of the 5’

splice site (166). Formation of B complex is marked by association of the U4/USM6 tri-

snRNP particle to the A complex. The tri-snRNP is formed independently of the

spliceosome and consists of U4-U6 snRNA base pairing interactions and protein-protein

interactions between U4/U6 and U5. Association of the tri-snRNP is accompanied by

significant rearangement of the spliceosome which requires ATP and DEXD/H box

helicase proteins and leads to the active, or catalytic (C) complex (167). First, U4 is

released from the spliceosome; next, U1 snRNA association with the 5’ splice site is
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Figure 3. Schematic diagram illustrating the complexes formed during stepwise

assembly of the spliceosome.

H complex is the first to form on nascent pre-mRNA and is comprised of

hnRNP proteins. Formation of E complex is marked by binding ofU1 snRNP

to the pre-mRNA. Binding ofU2 snRNP indicates formation ofA complex.

B complex forms upon association of the U4/U5M6 tri—snRNP. C complex is

the catalytically-active spliceosome and includes release of U1 and U4

snRNP. Following the splicing reaction the intron lariat is released and the

snRNPs are recycled for use in additional rounds of splicing.
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replaced by hybridization of the 5’ end of the U6 snRNA to the 5’ splice site. Finally, U1

and U4 are released from the spliceosome prior to catalysis of the trans-esterification

reactions (148, 149).
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III. Transcription Factor II-I

A. Initial Identification as a general transcription factor

TFII-I was originally discovered during attempts to identify factors binding to

pyrimidine-rich initiator elements within basal promoters. Fractionation of HeLa cell

nuclear extracts and tracking initiator-binding and initiator-dependent transcription

activities resulted in the purification of a M, ~120 kD band which was designated TFII-I

(168). Although the role for TFII-I in transcription has been carefully studied, a growing

body of literature indicates that pre-mRNA splicing occurs co-transcriptionally.

Therefore it is of interest to further investigate its role in pre-mRNA splicing. TFII-I was

cloned by multiple independent groups at virtually the same time, resulting in the

additional designations SPIN (serum response factor-phoxl interacting protein) (169) and

BAP-135 (_B_ruton’s tyrosine kinase-associated protein of 135 kD) (170). Four distinct

lines of evidence suggested that SPIN was identical to TFII-I. First, an amino acid

sequence comparison showed that the two proteins were identical. Second, SPIN was

capable of binding the identical AdML initiator sequence as TFII-I. Third, antiserum

raised against a peptide of TFII-I reacted with HPLC fractions containing SPIN activity

in western blot analysis. Fourth, this same antiserum abolished SPIN-DNA interaction

(169). BAP-135 was determined to be identical to TFII-I by amino acid sequence alone

(171).

B. Structure and chemical properties of TFII-I

The open reading frame for the initially-cloned TFII-I transcript predicted a

protein of 957 amino acids and molecular mass of 107.9 kD. The discrepancy between

this calculated molecular mass and the observed electrophoretic mobility may be due to
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an abundance of acidic residues in the amino terminal portion of the protein. TFII-I

contains six iterations of a 95-residue motif (170) later designated an I-repeat domain

(172-178). Each motif codes for a putative helix-loop-helix domain with a basic region

comprising amino acids 301-306, preceding the second of these repeats (178). In

addition to these regions, TFII-I contains two motifs similar to the Src

autophosphorylation site, one within amino acids 244-248, and the other within 273-277

(170)). A consensus mitogen-activated protein kinase (MAPK) interaction domain (D

box) is located within amino acids 282-293, and two consensus MAPK substrate sites at

627 and 633 (179, 180). Amino acids 23-44 encode a putative leucine zipper (176, 181)

and 277-304 encode a functional nuclear localization signal (182). To date four

alternatively spliced isoforms of TFII-I have been identified (176): or (977 amino acids),

0 (978 amino acids), and y (998 amino acids) (182). Each isofonn contains all six helix

loop helix motifs, the putative leucine zipper, the nuclear localization signal, the D box,

and the MAPK substrate motifs. TFII-I was detected in spleen, thymus, prostate, testes,

uterus, intestine, peripheral blood leukocytes, brain, muscle, liver, kidney, lung, and

pancreas tissues (170, 176) by northern hybridization.

C. Binding partners and activities of TFII-I

Accurate transcription initiation depends on core promoter elements including a

TATA-box, the initiator element, and the downstream promoter element (183-187). A

given promoter can contain these elements in combination or individually (188) to direct

preinitiation complex formation through interaction with a variety of transcription factors

(185,186,189)
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Electrophoretic gel mobility shifts demonstrated that TFII-I bound specifically to

the initiator sequences of the AdML, HIV-1, TdT, and T cell receptor variable region-

derived (VB) promoters and to the upstream binding site (B box) for the helix-loop-helix

activator protein USF (also known as upstream stimulatory factor) in vitra (168, 190) and

in viva (168, 178, 191).

In addition to its DNA binding activity, TFII-I was also found to have

transcriptional activity. Addition of TFII-I or TFII-A to a reaction containing RNA

polymerase II and TFIIB, TFIID, and TFIIE/F, activated transcription activity, indicating

that TFII-I was indeed a transcription factor (168). In viva studies were carried out using

transient transfection of cells with TFII-I and the AdML core promoter fused to the

chloramphenicol acetyl transferase (CAT) reporter. Cells co-transfected with plasmids

containing TFII-I and the AdML-CAT reporter gene exhibited more CAT activity than

cells co-transfected with empty vector and AdML-CAT, firrther supporting the role of

TFII-I as a transcription factor (178).

TFII-I was found to bind USF to exert a synergistic effect on both DNA binding

and transcription activity. Gel shift experiments demonstrated an interaction between

TFII-I and USF which resulted in enhanced DNA binding by USF in vitra (168). In

addition, cells co-transfected with AdML-CAT and both TFII-I and USF exhibited

significantly more CAT activity than cells co-transfected with AdML-CAT and either

TFII-I or USF alone (178). Interaction between TFII-I and Myc was also observed. E-

box or initiator probes were used in gel mobility shift assays. Myc alone did not bind to

the either probe, TFII-I formed a complex on each probe, and TFII-I and Myc together

formed a distinct complex on each probe. Interestingly, when Myc and TFII-I were
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added to transcription assays containing RNA polymerase II and TFIIB, TFIID, and

TFIIE/F, transcription activity was inhibited. However, when the same system was

supplemented with Myc and TFIIA, transcription activity was not affected. Therefore, it

appears that Myc is able to inhibit transcription by interaction with TFII-I at initiator

elements (192).

An independent line of investigation also showed the transcriptional activity of

TFII-I. Phoxl was identified as an interacting partner which enhanced the rate of binding

and dissociation of serum response factor (SRF) to the serum response element (SRE)

(193). Fractionation of HeLa nuclear extract yielded a protein complex, containing

Phoxl, SRF, and SPIN (TFII-I), that bound to the SRE in the c-fos promoter. GST-

Phoxl and GST-SRF pulled down SPIN protein and DNA binding activity from nuclear

extract while GST-phospholipase C-y did not, indicating binding activity between

SPIN/TFII-I and Phoxl and SRF took place independent of DNA. DNase protection

assays showed that SPIN/TFII-I protected two distinct regions of the c-fas promoter.

These regions corresponded to the SRE and the upstream c-sis/platelet-derived growth

factor (PDGF)-inducible element (SIE). A plasmid containing the c-fas basal promoter

fused to the CAT reporter gene was used in in viva assays to test the ability of

SPIN/TFII-I to cooperate with Phoxl during serum responsive transcription. Cells co-

transfected with c-fas-CAT as well as GST-SPIN/TFII-I and Phoxl exhibited

significantly higher CAT activity than did cells transfected with c-fos-CAT and either

GST-SPIN/TFII-I or Phoxl alone, corroborating the findings of Ray et al. in a distinct

system (169).
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Additional studies confirmed the requirement for the SIE and SRE elements,

isolated a complex including TFII-I, SRF, signal transducer and activator of

transcription-l (STATI), and STAT3, and demonstrated a synergistic interaction between

TFII-I and the STAT transcription factors during transcription activation (194). TFII-I

has also been shown to interact with the transcription activator ATF6 and the

endoplasmic reticulum stress response element (ERSE) (195). This element is present in

the promoters of glucose-regulated protein (Grp) genes and is activated upon Ca2+

depletion or glycosylation blocking (196, 197). Gel mobility shift assays with ERSE

sequence probe were used to identify TFII-I as an interactor. Anti-TFII-I antibodies

inhibited this interaction. Cells co-transfected with ATF6 and TFII-I were used in

immunoprecipitation assays and demonstrated that ATF6 and TFII-I were both present in

a complex, but whether they bind directly to one another is not clear. In addition, it has

been shown that ER stress induces a marked increase in TFII-I phosphorylation and

binding to the Grp promoter in viva (198).

Interestingly, interaction with the protein inhibitor of activated STATS (PIAS)

was also revealed using the yeast two-hybrid assay. Co-expression of PIASxB with TFII-

1 resulted in augmentation of transcription activity (199). In an extension of this study,

TFII-I was found to interact with histone deacetylase 3 (HDAC3). Co-expression caused

inhibition of TFII-I transcription which could be overcome with increased expression of

TFII-I (200).

The DNA binding activity of TFII-I was determined to reside within an amino-

terminal region of the protein. Thrombin digestion separated the protein into two distinct

domains. The 70 kD fragment (p70) corresponding to the amino terminal 677 amino
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acids (containing 4 of the 6 I-repeats) exhibited DNA binding activity in gel shift assays

while the 43 kD fragment (p43) did not. p70 was unable to activate transcription in

transfection assays; however, fusion of the GAL4 activation domain to p70 rescued its

ability to activate transcription. Transfection of cells with p43 fused to the GAL4 DNA

binding domain failed to activate transcription, indicating that p43 is necessary but not

sufficient for TFII-I’s activation function (201). Deletion analysis suggests that the basic

region, consisting of amino acids 301-306 within p70, is required for DNA binding (202).

The alternatively spliced forms of TFII-I exhibit similar DNA binding and

localization characteristics individually. However, co-immunoprecipitation and GST-

pull-down experiments indicate that the various isoforms exhibit homomeric and

heteromeric interactions with themselves and that these complexes exhibit differential

transcriptional activation. Co-transfection of cells with V13 promoter-luciferase reporter

plasmid and a single isofonn of TFII-I exhibited less luciferase activity than cells co-

transfected with the promoter-reporter and multiple isoforms of TFII-I. However, the

effect was reversed in the case of signal-responsive transcription. In response to

epidermal grth factor, cells co-transfected with c-fos promoter-luciferase reporter

plasmid and a single isoforrn of TFII-I exhibited more luciferase activity than cells co-

transfected with the promoter-reporter and multiple isoforms of TFII-I (182).

Two putative nuclear localization signals (NLS1 and NLSZ) were found by

computer analysis of the TFII-I sequence. The NLS residing within residues 278-284

(NLS 1) was determined to be the sole functional NLS on the basis of localization studies

using TFII-I-GFP fusion constructs to transfect cells. TFII-I-GFP and TFII-IANLSZ-GFP

exhibited nuclear localization while TFII-IANLSI exhibited cytoplasmic localization.
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GFP alone was present in the nucleus and the cytoplasm. Both homomeric and

heteromeric complexes of TFII-I isoforms demonstrate preferential nuclear localization.

When cells were co-transfected with TFII-IANLSl-GFP and each of the TFII-I isoforms

(lacking GFP), fluorescence was visualized primarily in the nucleus, with some signal

remaining in the cytoplasm. TFII-IANLS 1 -GFP alone exhibited cyt0plasmic localization

exclusively (182).

It has been proposed that the leucine zipper acts as a primary site of homomeric

interaction while the I-repeats function as secondary sites of interaction (202). A deletion

mutant lacking the amino terminal 90 amino acids (and therefore, the leucine zipper

motif), designated TFII-IAN90, fails to engage in homomeric interaction, but allows

heteromeric interaction and homomeric interaction between TFII-IAN9O proteins (202).

Further support for this conclusion arose from pull-downs using the amino terminal 90

amino acids fused to GST. GST-N90 bound to multiple TFII-I isoforms, but failed to

bind to TFII-IAN90. In this same study, point mutations within the putative leucine

zipper sequence failed to abolish the TFII-I-Bruton’s tyrosine kinase (Btk) interaction,

suggesting that regions outside this specific motif are required this binding (203).

D. Phosphorylation of TFIl-I

Btk is a tyrosine kinase expressed primarily in B cell lineages. It belongs to a

family of Src-like kinases called the Tec family, characterized by a pleckstrin homology

(PH) domain (204, 205). The interaction between Btk and TFII-I was discovered during

an effort to identify downstream targets for Btk. Lysates of RAMOS cells were subjected

to immunoprecipitation by antibodies raised against Btk. Sequence analysis of two bands

co-precipitated with Btk showed identity to TFII-I. GST pull-downs with truncated

38



forms of Btk demonstrated a requirement for the PH domain for TFII-I binding. In

addition, it was found that association of Btk and TFII-I occurs in viva and that TFII-I

tyrosine phosphorylation is a result of Btk activation by B cell receptor engagement

(170). Not only did activation ofRAMOS cells stimulate phosphorylation, but also

release of TFII-I from Btk. Anti-Btk immunoprecipitation from activated or resting

RAMOS cell extracts followed by western blotting with anti-TFII-I showed a marked

decrease in the amount of TFII-I co-immunoprecipitated from the activated cells while

equivalent amounts of Btk were precipitated from both groups (171). Western blotting

analysis shows a marked increase in nuclear localization of total and phosphorylated

TFlI-I concomitant with release from Btk (171). Site-directed mutagenesis and

phosphopeptide mapping were used to locate sites of TFII-I phosphorylation by Btk in

vitra. These sites matched the major phosphorylation sites in viva, and consisted of

Y248, Y357, and Y462 (206). Phosphorylation of TFII-I is not required for DNA

binding activity (207), but is necessary for activation of transcription (171, 207).

Purified, dephosphorylated TFII-I was found to bind VB initiator sequence nearly as

efficiently as purified phosphorylated TFII-I. However, addition of dephosphorylated

TFII-I to an in vitra transcription reaction depleted of TFII-I, failed to reconstitute

transcription activity. Conversely, addition of phosphorylated TFII-I did reconstitute

transcription activity (207). Individual point mutations of TFII-I Y248F, Y357F, or

Y462F, impaired transcription activation at the c-fas promoter in viva, supporting the

conclusion of the in vitra study (206).

TFII-I was also found to be phosphorylated on tyrosines 248 and 611 by Src.

This phosphorylation was particularly pronounced following activation of cells by
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epidermal growth factor (EGF). As in the case with Btk-induced phosphorylation, TFII-I

localization shifted from primarily cytoplasmic to primarily nuclear upon activation of

NIH 3T3 cells with PDGF. This shift in localization was abolished in the presence of a

Src-specific inhibitor, but persisted in the presence of an inactive inhibitor analog.

Interestingly, this nuclear localization correlated with TFII-I-dependent transcription

activation. Cells containing a stably integrated HA-tagged c-fos gene driven by the SRE

promoter were immunostained for localization of TFII-I and presence of HA. Following

stimulation by PDGF, TFII-I localized to the nucleus concomitant with HA appearance.

Introduction of antibodies against TFII-I or Src abolished both nuclear localization and

HA production while pre-immune serum exerted no effect (208). Similarly,

phosphorylation of Y248 by Src during ER stress results in nuclear localization and

activation of transcription from the Grp78 promoter (198).

In addition to Btk and Src, and ERK, JAK2 (Janus kinase 2) has been implicated

in phosphorylation of TFII-I tyrosine 248 and 277. This interaction was initially

discovered by treatment of fibroblasts with an inhibitor of JAK2 which abolished c-fas

promoter activation by TFII-I. Remarkably, under these conditions, a Src-specific

inhibitor showed no effect. In vitra phosphorylation experiments were carried out on

wild type TFII-I and on TFII-I containing mutations in two consensus tyrosine

phosphorylation sites. The result of these experiments indicated that both tyrosine 248

and 277 could be phosphorylated by JAK2, but that the tyrosine 248 was a more

significant substrate site. In vivo experiments showed that mutation of tyrosine 248

diminished phosphorylation, but did not abolish it, suggesting the presence of additional

tyrosine phosphorylation (171, 207). Interestingly, JAK2 can regulate a TFII-I-ERK
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(extracellular signal-regulated kinase) interaction (described below). Western blots

showed a significant reduction in the amount ofERK bound to TFII-I in cells co-

transfected with GST-TFII-I, ERK, and a dominant negative JAK2 mutant, as compared

to cells transfected with wild type JAK2. This led to additional investigation that

indicated tyrosine 248 is required for interaction with ERK. A Y248F mutation in TFlI-I

completely abolished complex formation between TFII-I and ERK. As expected, this

mutation also substantially impaired phosphorylation of TFII-I by ERK and was unable

to activate the c-fas promoter upon serum activation in co-transfection assays (209).

TFII-I was shown to be a substrate for ERK. TFII-I contains a consensus MAPK

interaction domain within residues 282-293 with significant homology to the Elk-l

kinase interaction domain bound by ERK. This prompted GST pull-downs from cells co-

transfected with GST-TFII-I and HA-tagged ERK. GST-TFII-I pulled down ERK while

GST-TFII-I-L289A did not. The L289A mutation also abolished transcription activation

of the c-fas promoter in transfection assays. Mutation of both serines within the MAPK

substrate sequence (amino acids 627-634) greatly reduced phosphorylation by ERK,

suggesting that S627 and S633 are the major MAPK phosphorylation sites on TFII-I

(179).

A second serine kinase, cGMP-dependent protein kinase 10 (G-kinase 10), has

also been shown to interact directly with TFII-I. GST-pull-downs using truncated

mutants of each protein revealed that the association occurs through the amino terminal

110 amino acids of G-kinase IB and the fourth I-repeat domain of TFII-I. G-kinase IB

phosphorylates S371 and S743, each found within the I-repeat region of TFII-I. Two

distinct functional consequences of this interaction were discovered using co-transfection
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experiments. First, G-kinase IB enhanced TFII-I-dependent transactivation of an SRE-

controlled reporter in the presence of wild type TFII-I, but not in the presence of TFII-l

(S371A/S743A). Second, G-kinase IB transcriptional activation of a fos promoter was

synergistically enhanced by TFII-I (210).

E. Transcription factors involved in pre-mRNA splicing

Pre-mRNA splicing appears to occur both co-transcriptionally and post-

transcriptionally (reviewed in 211-215). The former phenomenon was first suggested on

the basis of electron micrographs of actively-transcribed Drasaphila genes which showed

nascent pre-mRNA shortening due to intron removal (216, 217). Two lines of

circumstantial evidence have supported this suggestion. First, use of different promoters

by RNA polymerase 11 results in different splicing patterns for the same transcript (218,

219). Second, reduction in speed of transcription (220), or insertion ofRNA polymerase

II pause sites (221, 222), causes differential splicing of transcripts.

In addition to these transcription-related effects on splicing products, a number of

proteins have been identified which implicate a connection between transcription and

pre-mRNA splicing. Here it is useful to delineate these proteins into two distinct groups.

The first consists of transcription factors discovered in association with the spliceosome

or bound to splicing factors within transcription complexes, but whose effect on the

splicing process is as yet unknown. This group includes SR-like RNA polymerase II

carboxyl-terminal domain (CTD) associated factors (SCAFs) (223), WTl (224), CA150

(225, 226), and p54nrb (227). The SCAF proteins were discovered during the initial

characterization of the CTD’s role in splicing using a yeast two hybrid assay with the

distal CTD repeats as bait. Four of the interacting proteins had sequences similar to SR
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proteins, resulting in the designation SCAFs. WTl is a transcription factor which has

been shown to activate or repress GC-rich promoters, depending on context (228).

Genetic defects within the WT] gene are associated with Wilms’ tumor (from which the

name WT] is derived), Denys Drash, and Frasier syndromes (229, 230). WTl exhibits a

specked localization within the nucleus and co-localizes with coiled bodies and splicing

factors (231). This observation stimulated its use in a yeast two-hybrid assay which

revealed an interaction with U2AF65. In addition, it was found assembled on splicing-

competent pre-mRNA with Sm core protein B” (224). CA150 has been shown to act as

an RNA polymerase II repressor by inhibition of transcript elongation (232, 233).

Interaction between CA150 and splicing factor 1 (SF1) was discovered by Far-Westem

blotting. Interestingly, SF 1 tethered to a Gal4 DNA binding domain caused repression of

transcription from a promoter containing Gal4 binding sites (234). This raises the

possibility that recruitment of SFl by CA150 can result in repression of transcription

(225). Further studies have shown that CA150 exhibits a speckled localization in the

nucleus and co-localizes with splicing factors Sm core proteins, U2AF65, and ASF/SF

(226). p54nrb was shown to interact with the 5’ splice site ofpre-mRNA using protein-

RNA crosslinking assays. These assays in fact revealed the presence oftwo complexes at

the 5’ splice site: one containing RNA polymerase II, p54nrb, U1 snRNP, and PSF, and

the other containing each of these proteins with the addition ofU2 snRNP (227). This set

of interactions between proteins involved in splicing and proteins involved in

transcription compliments the initial evidence for co-transcriptional pre-mRNA splicing,

but is still largely circumstantial. More concrete evidence has come to light with use of

experiments designed to indicate how transcriptional proteins affect splicing.
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This second group of proteins consists of transcription factors and splicing factors

which interact and have been shown to exert an effect on pre-mRNA splicing during this

interaction. Members of this group include the CTD itself (235, 236), human

papillomavirus E2 (237), peroxisome proliferator-activated receptor (PPAR)-y

goactivator-l (PGC-l) (238), Ski-interacting protein (SKIP) (239, 240), and coactivator

activator (CoAA) (241). The CTD binds to SR proteins (223), and its overexpression in

mammalian cells causes transcription complexes to migrate to nuclear speckles

containing SR proteins (242, 243). The CTD can stimulate splicing in vitro (235, 236)

and was found to interact with snRNPs (244), PSF (245), and the survival of motor

neurons protein, which has been implicated in snRNP biogenesis and recycling (246).

Recent studies suggest that the CTD exerts its effect by stimulating a bypass of the H

complex step of spliceosome assembly. In an in vitro system capable of transcription and

pre-mRNA splicing, mature spliceosomal complexes formed concomitantly with the

appearance ofRNA polymerase II transcripts following a 6 minute reaction. T7

transcripts formed primarily non-catalytic H complexes even after a 20 minute reaction.

The increased kinetics of spliceosome formation was accompanied by faster formation of

mRNA product. Both these effects were inhibitable by at amanitin (247). The E2 protein

functions as a regulator of papillomavirus gene expression. The protein consists of an

activation domain and a DNA binding domain with a linker region between the two

which is serine/arginine/glycinc-rich. This E2 linker region bound four SR proteins, as

indicated by far-western assays. In addition, transcripts transactivated by full-length E2

or by E2 without the hinge region exhibited a 2-fold difference in the ratio of spliced to

unspliced transcript. The same gene driven by an E2-independent promoter exhibited
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similar amounts of spliced transcript in the presence of E2 or hinge-deleted E2. This

finding suggested the necessity of E2 within the transcription complex for efficient

splicing activity (237). PGC-l is a transcriptional coactivator ofmany nuclear receptors

involved in adaptive thermogenesis (248, 249). The protein was shown to co-localize

with both U1-70 kD and SC35 in nuclear speckles. In similar experiments as those

outlined above, PGC-l was found to stimulate splicing activity when present within the

transcription complex (238). SKIP was shown to interact with the vitamin D receptor

(250) and the v-Ski oncoprotein (251) as a nuclear receptor coactivator. Interaction

between SKIP and multiple components of the U5 snRNP were discovered by GST pull-

down. SKIP also exhibited an effect on splicing. Expression of a dominant negative

SKIP construct caused accumulation of unspliced mRNA of a co-transfected reporter

gene. This condition was rescued by coexpression of wild type SKIP (239). Further

studies have shown that SKIP interacts with HIV-1 Tat and facilitates recognition of a

Tat-dependent alternative splice site, and is in fact required for Tat transactivation in

vivo. in vitro, SKIP stimulates HIV-l transcription elongation (252). CoAA is an

hnRNP-like protein which was shown to interact with the thyroid hormone receptor

binding protein (TRBP) (253-255) coregulator to enhance transcription activity (256,

257) and affect alternative splicing (241, 258). It was later shown that the CoAA effects

on alternative splicing were not a direct result of its transcription activity. It enhanced

transcription of genes driven by TRBP-independent promoters, but only affected splicing

of genes driven by TRBP-dependent promoters (241). These results outlining direct

consequences for splicing activity dependent upon the presence of certain transcription
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factors, offer convincing functional evidence for cooperation between proteins involved

in these two biological processes.

Proteomic analyses of the spliceosome have confirmed association of CA150,

SKIP, p54nrb, and PIAS (151-154). In addition to these factors, Tat SFl, subunits of

RNA polymerase II, TFII-I, basic helix-IOOp-helix protein SHARP, XPA binding protein

2 (XAB2), IATA binding protein associated factor II 68 kD subunit (TAF1163), and

putative transcription factors have also been found associated with purified spliceosomes

(152-154, 259).

Although evidence for the temporal and spatial overlap ofRNA transcription and

processing is abundant and convincing, there is still much to learn about the mechanisms

ofthese coordinated processes. The steps of assembly for each complex, what degree of

control they exert on one another, and how the protein compositions change during the

processes which they catalyze, are all questions which must be addressed to gain a

comprehensive understanding of these complex molecular functions.
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ABSTRACT

Galectin-3 (Ga13), a protein involved in nuclear splicing ofpre-mRNA, was expressed

and purified as a fusion protein with glutathione S-transferase (GST). When nuclear

extracts of HeLa cells were subjected to adsorption on GST-Ga13 beads, the general

transcription factor II-I (TFII-I) was identified by mass spectrometry as one of the

polypeptides specifically bound. Lactose, a saccharide ligand of the galectins, inhibited

GST-Ga13 pull-down of TFII-I from nuclear extract. Similar results were also obtained

using galectin-1, another member of the same protein family that is also involved in pre-

mRNA splicing. Previous proteomic analysis of the spliceosome had identified TFII-I as

one of the components of the macromolecular complex. Consistent with this notion,

antibodies directed against TFII-I inhibited the splicing reaction in a dose-dependent

fashion. Moreover, when a splicing reaction containing 32P-labeled pre-mRNA substrate

was subjected to immunoprecipitation with anti-TFII-I, spliceosomal complexes were

coprecipitated with the cognate antigen, a conclusion based on finding radiolabeled RNA

species that are produced on the spliceosome during the splicing reaction. These results

suggest that TFII-I associates with galectin-l or galectin-3 containing spliceosomal

complexes.
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INTRODUCTION

Galectins are a family of widely distributed proteins that: (a) bind to B-galactoside

containing glycoconjugates; and (b) contain characteristic amino acid sequences in the

carbohydrate recognition domain (CRD) of the polypeptides (1, 2). In previous studies,

we had reported the localization of galectin-1 (Gall) and galectin-3 (Ga13) in the cell

nucleus (3, 4). Several key findings suggest that Gall and Ga13 are two of the many

proteins involved in the splicing ofpre-mRNA, assayed in a cell-free system (5, 6):

(a) nuclear extracts (NE) derived from HeLa cells, capable of carrying out splicing of

pre-mRNA, contained both Gall and Ga13; (b) depletion of both galectins from NE,

either by lactose (Lac) affinity chromatography or by antibody adsorption, resulted in the

concomitant loss of splicing activity; and (c) either recombinant Gall or recombinant

Ga13 was able to reconstitute splicing activity in a galectin-depleted extract.

NEs depleted of Gall and Ga13 failed to form active spliceosomal complexes and gel

mobility shift assays of 32P-labeled pre-mRNA revealed only bands migrating in the

region corresponding to early (H- and E-) complexes (7). The activities of the galectin-

depleted extract, in forming splicing complexes and in performing the in vitro splicing

reaction, were reconstituted by the addition of recombinant Ga13 with similar dose-

response curves (5). On the basis of these results, we hypothesized that the galectins may

be required at an early stage in the splicing pathway, such as organization of the early

complexes for addition of other splicing factors (7-9). More recently, however, we have

found that when a splicing reaction containing 32P-labeled pre-mRNA is subjected to

immunoprecipitation with either anti-Gall or anti-Ga13, radiolabled RNA species

corresponding to the starting substrate, splicing intermediates, and mature RNA products
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of active spliceosomes are all co-precipitated with the specific galectin (10). These

results, in turn, suggest the Gall and Ga13 are associated with spliceosomal complexes

throughout the splicing pathway.

To define the stage and the precise role played by Gall and Ga13 in the splicing

process, it was important to identify the interacting partner(s) of the spliceosome and the

complex(es) with which the galectins are associated. In the present communication, we

report that a fusion protein containing glutathione S-transferase (GST) and Gall (GST-

Gall) or GST-Ga13 can pull-down from NE the general transcription factor II-I (TFII-I),

a protein previously identified in the spliceosome by proteomic analysis (11). In the

second article of this series, we have taken advantage of this interaction to document that

site-directed mutants of Gall, devoid of carbohydrate-binding activity, retained the

association to the TFII-I complex as well as the cell-free splicing activity, thereby

dissociating the saccharide-binding of the protein from its spliceosomal function.

Finally, in the third article, we report that the NH2-terminal domain (ND) of Ga13,

containing unusual Pro- and Gly-rich repeating motifs, also plays a role in the interaction

ofthe polypeptide with the splicing machinery.
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EXPERIMENTAL PROCEDURES

Antibody reagmts --- For antibodies directed against TFII-I, we used an affinity

purified preparation purchased from Bethyl Labs. This antibody, designated as #558,

was derived from serum of rabbits immunized with a peptide sequence contained in

exons 32 and 33 of TFII-I. We also used an affinity purified rabbit anti-TFII-I raised

against the recombinant human protein (Protein Tech Group, Inc.). Anti-GST antibodies

were affinity purified from serum of rabbits immunized with GST-Gall. Anti-Gall was

obtained from the same rabbit serum. The details of the immunogen preparation and

affinity purification procedure for both anti-GST and anti-Gall are described in the

accompanying manuscript (12). Two antibodies directed against Ga13 were used: (a) the

rat monoclonal antibody designated as anti-Mac-2 (13, 14); and (b) a polyclonal rabbit

antiserum directed against Ga13 (#49). Human autoimmune serum reactive against the

Sm epitopes (anti-Sm) found on the core polypeptides of small nuclear ribonucleoprotein

complexes (snRNPs) was purchased from The Binding Site. For antibodies directed

against the Survival of Motor Neuron Protein (SMN), we used a mouse monoclonal

antibody (directed against residues 14-174 of the SMN polypeptide) purchased from BD

Transduction Labs.

NE and splicig reactions --- Human HeLa S3 cells were grown in suspension culture by

the National Cell Culture Center (Minneapolis, MN). NE was prepared in buffer D (20

mM Hepes-KOH, pH 7.9, 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM

phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol (DTT)) as described by Dignam er

al., (15). NEs were frozen as aliquots in a dry ice-ethanol bath and stored at -80°C.
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Protein concentrations were determined by the Bradford assay (16). In this study, the

protein concentration ofNE was ~6 mg/ml.

To test the effect of specific antibodies on the splicing reaction, NaCl was added to

NE in Dignam buffer D to 0.5 M and set on ice for 20 minutes. The samples were then

dialyzed against 60% buffer D in the presence of various amounts of antibodies, anti-

TFII-I (#558) and anti-Mac-2. Dialysis was carried out for 70 minutes at 4 °C in a

microdialyzer with a 6-8 kD cutoff dialysis membrane (6). Splicing reaction mixtures, in

a total volume of 12 pl, contained dialyzed NE sample (10 pl), [32P]MINX pre-mRNA

(17), 2.5 mM MgC12, 1.5 mM ATP, 20 mM creatine phosphate, 0.5 mM DTT, and 20 U

RNasin (Promega). Splicing reactions were incubated at 30 °C for 45 minutes. The

assay was stopped by addition of proteinase K and SDS to final concentrations of 4

mg/ml and 0.1%, respectively. The samples were then diluted with buffer containing 125

mM Tris, pH 8, 1 mM EDTA, and 0.3 M sodium acetate. RNA was extracted with

phenol-chloroform (50:50 (vol/vol)), followed by chloroform, and precipitated with

ethanol at -80 °C. The isolated RNA was then subjected to electrophoresis in 13%

polyacrylarnide-8.3 M urea gels, followed by autoradiography. Quantitation of product

formation was carried out by exposing the gel to a Storage Phosphor Screen (Amersharn

Biosciences), scanning on a Storm 860 scanner (Molecular Dynamics), and using the

program Image Quant (Molecular Dynamics) to determine the percentage of radioactivity

in specific bands in each lane.

Splicing reaction mixtures were also carried out in a total volume of 50 pl, containing

30 pl ofNE and [32P]MINX. These splicing reactions were incubated at 31°C for 40

minutes and then subjected to immunoprecipitation. Antibodies were bound to protein
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A—Sepharose beads (Pharmacia) in 60% buffer D containing 0.05% Triton X-100. After

removal of unbound material and washing, the splicing reaction (containing at least 106

cpm of 32P-labeled RNA in 50 pl) was added to the antibody beads in 200 pl of buffer D

containing 0.05% Triton X-100. Incubation was carried out at 4 °C for 1.5 hours. The

unbound material was removed and the beads were washed three times, each with 0.5 ml

buffer D containing 0.05% Triton X-100. SDS solution and proteinase K were added to a

final concentration of 0.1% and 4 mg/ml, respectively, and the samples were incubated at

37 °C for 20 minutes. The RNA components of the precipitated fraction were extracted

and analyzed as described above.

GST fusion proteins andpull-dom airy --- The cDNA for human Gall (18) was

subcloned into the BamHI restriction site of the pGEX-2T vector (Pharmacia) to produce

GST-Gall. The plasmid pWJ31 containing the cDNA for murine Ga13 (19) was

subcloned into the EcoRI restriction site of the vector pGEX-SX-l to produce GST-Ga13.

Agrwal et al. (20) had described site-directed mutagenesis of the cDNA for murine Ga13

in which Gly 138 and Gly139 were replaced by two stop codons. Thus, the translation

open reading frame stops at Prol37, giving an ND covering residues 1-137. This mutant

cDNA of Ga13 was subcloned into the expression vector pGEX-SX-l to express GST-

ND.

GST fusion proteins were expressed in E. cali BL-2l codon plus (DE3) cells

(Stratagene) by induction with 100 pM isopropyl-B-D-galactopyranoside for 2-3 hours at

30°C. Cells were pelleted and stored at -70°C. Thawed bacterial pellets were suspended

in phosphate-buffered saline (PBS) containing protease inhibitors (4 pg/ml aprotinin, 5

pg/ml leupeptin, 0.2 pg/ml pepstatin A, and 1 mM Pefabloc (Roche)) and sonicated using

75



a microtip probe. Triton X-100 was added to a final concentration of 0.1%. After

rocking for 1 hour at 4°C, cell debris was removed by centrifugation at 12,000 x g for 10

minutes at 4°C. The supernatant was purified on the basis ofGST binding to glutathione-

agarose beads (Pierce).

For GST pull-down experiments, ~10 pg of each GST fusion protein was incubated

with 20 p1 ofpacked glutathione beads in the presence of 60% buffer D at 4 °C for ~14

hours. Unbound material was removed and the beads were washed three times with 400

pl of 60% buffer D. The beads were then incubated with 36 pl ofNE (~144 pg total

protein) along with 24 pl of 60% buffer D, with 14.7 mM creatine phosphate, 2.4 mM

MgC12, and 0.4 mM ATP (final concentrations). In experiments to test the effect of

saccharides on the pull-down assay, they were included in this addition at a concentration

of 100 mM. The incubation was carried at 4 °C for 12 hours. After removal ofunbound

material, the beads were washed four times with 200 pl of 60% buffer D. The material

bound to the beads was then eluted by incubation with glutathione elution buffer (16 mM

glutathione, 60 mM HEPES-KOH, pH 7.9, 11.4% glycerol, 57 mM KCl, and 0.114 mM

EDTA) at 31 °C for 30 minutes, followed by incubation at room temperature for one

hour. The eluted material was then subjected to SDS-PAGE analysis.

SDS gel electrophoresis. silver staining, and immunoblotting --- Samples were subjected

to SDS-PAGE as described by Laemmli (21). Proteins were visualized by silver staining

as described by Merril et al. (22). For immunoblotting, samples were electrophoretically

transferred onto Hybond Nitrocellulose paper (Amersham Biosciences) in the presence of

buffer containing 25 mM Tris, 193 mM glycine, and 10% methanol, pH 8.3. Following

transfer, membranes were incubated overnight in 10% nonfat dry milk in Tris-buffered

76



saline containing Tween 20 (10 mM Tris, 0.5 M NaCl, 0.05% Tween 20; T-TBS).

Antibodies for immunoblotting were diluted in the same buffer and incubated with

membranes for one hour at room temperature. This was followed by four washes (15

minutes each) in T-TBS. The membranes were blocked with unconjugated goat anti-

rabbit immunoglobulin (Sigma) at a dilution of 1:2000 in T-TBS. The membranes were

incubated with horseradish peroxidase-conjugated secondary antibodies for one hour and

washed four times. Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-

mouse immunoglobulin (Bio-Rad) and goat anti-rat immunoglbulin (Roche) were each

used at a dilution of 1:10,000. The proteins were visualized using the Western Lighting

Chemiluminescence System (Perkin-Elmer Life Sciences).

_M_ass spectrometric an_alvsis of selected gel slices derived from GSTfipull-downa --- After

SDS-PAGE, the gel was stained with Brilliant Blue G-colloidal concentration (Sigma).

Gel slices corresponding to the ~40 kD and ~l35 kD region were digested with trypsin

(Promega) following a modified protocol of Shevchencko et al. (23). The trypsin digests

were fractionated by reverse-phase high pressure liquid chromatography, followed by

electrospray ionization mass spectrometry (LC/MS/MS). The mass spectrometry and the

subsequent MS/MS ion search (Mascot) were carried out by the Proteomics Core of the

Research Technology Support Facility at Michigan State University.
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RESULTS

GST-Ga13 pull-down of TFII-I from NE

Human HeLa cell NE was subjected to adsorption onto glutathione beads containing

GST-Ga13 and GST. After washing, the material bound to the beads was eluted with

soluble glutathione and analyzed by SDS-PAGE. Comparison of the silver-stained gels

revealed two bands present in the material bound to the GST-Ga13 beads but not to GST;

these were designated as p40 and p135, corresponding to the approximate molecular

weights of their positions of migration (Figure 1). Gel slices containing p40 and p135

were digested with trypsin and the resulting peptides were fractionated by reverse-phase

high pressure liquid chromatography, followed by mass spectrometry. The MS/MS ion

search on the analysis of the p135 gel slice revealed twelve matches, representing five

distinct tryptic peptides (each with a carboxyl terminal lysine or arginine), with the amino

acid sequence ofhuman TFII-I. In contrast, the corresponding gel slice from parallel

SDS-PAGE of the material derived from the GST beads did not yield any of these TFII-l

peptides. The MS/MS ion search on the analysis of the p40 gel slice yielded four

matches representing three peptides of actin.

The identification of TFII-I was confirmed by immunoblotting analysis. Using

antibodies directed against TFII-I (the 558 antibody), a positive reaction was observed in

the material bound to GST-Ga13 but not in the material bound to GST (Figure 2, lanes 2

and 3). In contrast, antibodies directed against the Survival of Motor Neuron (SMN)

protein failed to yield a positive immunoblot in the GST-Ga13 pull-down material (Figure

2). Using anti-GST antibodies, we ascertained that approximately equal amounts of GST

proteins were used in the pull-down assay. These results suggest that the GST-Ga13
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Figure 1. Comparison of the polypeptides bound to GST-Ga13 and GST on

glutathione beads.

NE was subjected to GST pull-down in 60% buffer D containing 14.7 mM

creatine phosphate, 2.4 mM MgC12, and 0.4 mM ATP. The material bound to

the beads was eluted with 16 mM glutathione and subjected to SDS-PAGE.

Polypeptides were revealed by silver staining. The positions of migration of

p135, GST-Ga13, p40, and GST are highlighted on the left; the positions of

migration of molecular weight markers are indicated on the right.
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Figure 1. Comparison of the polypeptides bound to GST-Ga13 and GST an

glutathione beads.

NE was subjected to GST pull-down in 60% buffer D containing 14.7 mM

creatine phosphate, 2.4 mM MgC12, and 0.4 mM ATP. The material bound to

the beads was eluted with 16 mM glutathione and subjected to SDS-PAGE.

Polypeptides were revealed by silver staining. The positions of migration of

p135, GST-Ga13, p40, and GST are highlighted on the left; the positions of

migration of molecular weight markers are indicated on the right.
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pull-down of TFII-I represented a specific association, either directly or indirectly,

between the two proteins.

Effect of the saccharide ligand Lac and involvement of the CRD
 

Such a conclusion is supported by the observation that Lac, a specific saccharide

ligand of Ga13, inhibited the GST-Ga13 pull-down of TFII-I (Figure 2, lane 6). In

contrast, cellobiose, which does not bind to Ga13 (24), failed to yield the same effect

(data not shown). These saccharide-specific effects suggest that the galectin-TFII-I

interaction might be mediated by the CRD of the galectin polypeptides.

The amino acid sequence of the Ga13 polypeptide can be delineated into two domains

(a) an ND containing multiple repeats of a 9-residue motif, PGAYPGXXX; and (b) a

COOH-terminal CRD that shows sequence similarity with the corresponding CRD of

other members of the galectin family (see, for example, reference 2). While full-length

GST-Ga13 interacted with TFII-I, GST-Gal3ND failed to yield TFII-I in the pull-down

(Figure 2, lanes 3 and 4). On the other hand, GST-Gall, which contains a single CRD,

interacted with TFII-I and this interaction was also sensitive to Lac inhibition (Figure 2,

lanes 5 and 7). Therefore, it appears that the site of TFII-I interaction resides within the

CRD of either Gall or Ga13.

Finally, we tested for Ga13 in the immunoprecipitates of anti-TFII-I as a reciprocal of

the GST-galectin pull-down experiments. Indeed, anti-TFII-I immunoprecipitated not

only its own cognate antigen but Ga13 as well (Figure 3). The 558 anti-TFII-I antibody is

a polyclonal rabbit antiserum affinity purified over the peptide immunogen. For negative

control, we used an anti-GST antiserum that went through the same affinity purification
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Figure 2. Immunoblotting analysis of various GST pull-down experiments.

NE (lane 1) was subjected to pull-down by various GST constructs: GST (lane

2), GST-Ga13 (lane 3), GST-Gal3ND (lane 4), GST-Gall (lane 5), GST-Ga13

in the presence of 100 mM Lac (lane 6), and GST-Gall in the presence of 100

mM Lac (lane 7). Top panel: immuno-blotting by anti-TFII-I (#558); middle

panel: immunoblotting by anti-SMN; and bottom panel: immunoblotting by

anti-GST to monitor the amount of GST fusion proteins bound to the

glutathione beads. The positions of migration of molecular weight markers

are indicated on the right.
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Figure 3. Coimmunoprecitatian of Ga13 by anti-TFII-I.

NE was subjected to immunoprecipitation by anti-TFII-I (Protein Tech

Group), a rabbit antiserum affinity purified over the immunogen. Anti-GST,

an antiserum that went through the same affinity purification procedure, was

used as a negative control. The immunoprecipitate was subjected to blotting

with anti-TFII-I and anti-Mac-2, a rat monoclonal antibody directed against

Ga13.
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procedure. Only a trace amount of Ga13 was observed in the control precipitate (Figure

3).

Inhibition of the splicing reaction by anti-TFII-I

Although it was initially identified as a general transcription factor (25), TFII-I has

actually been studied under a wide variety of contexts and therefore, the same

polypeptide has acquired a number of different names: (a) _S_erum Responsive Factor-

Bhox 1 I_n_teracting Protein (SPIN) (26); and (b) Bruton's tyrosine kinase-associated

protein of M, ~135,000 (BAP135) (27). Inasmuch as we had previously documented that

Gall and Ga13 are factors involved in pre-mRNA splicing (5, 6, 10), it was of particular

interest that a proteomic analysis of the spliceosome identified TFII-I as one of its

proteins (11). On this basis, we tested for the association of TFII-I with the splicing

machinery and, in particular, the RNA components of the splicing reaction.

When antibodies directed against TFII-I were added to a complete NE during the

splicing reaction, a dose-dependent inhibition of product formation was observed. For

example, the mRNA product (ligated exons) accounted for ~29% of the radioactivity in

the splicing reaction containing NE alone (Figure 4, lane 1). The corresponding values

for splicing reactions carried out in the presence of anti-TFII-I were (Figure 4, lanes 5-7):

~31% (12 nM antibody); ~26% (24 nM); and ~22% (30 nM). There was also a dose-

dependent decrease in the intermediates of the splicing reaction (e.g. lariat-exon 2).

Concomitantly, there was accumulation of the pre-mRNA substrate (Figure 4, compare

lanes 1 versus 5-7).

In the accompanying manuscript (28), we have documented that while a monoclonal

antibody directed at the NH2-terminal 14 residues of Ga13 inhibited the splicing reaction,
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Figure 4: Effect of anti-TFII-I an the splicing of pre-mRNA.

Lane 1 - splicing activity ofNE (no additions). Lanes 2-4 - splicing activity

ofNE in the presence of anti-Mac-2, a rat monoclonal specific for Ga13, at 12,

24, and 30 nM. Lanes 5-7 - splicing activity ofNE in the presence of anti-

TFII-I (#558) at 12, 24, and 30 nM. The cell-free splicing assay was carried

out using 32P-labeled MINX pre-mRNA substrate. Products of the splicing

reaction were analyzed by electrophoresis through a 13% polyacrylamide-8.3

M urea gel system, followed by autoradiography. The positions of migration

of the pre-mRNA substrate, the splicing intermediates (exon 1 and lariat-exon

2), and the products (ligated exons and lariat intron) are indicated at the right.
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the anti-Mac-2 antibody, whose epitope maps to residues 48-100, did not perturb the

splicing reaction. On this basis, we used the anti-Mac-2 antibody as negative controls in

the present experiments. This anti-Mac-2 antibody did not show inhibition; the percent

product formation was 30-32% over the concentration range 12-30 nM (Figure 4, lanes 2-

4).

Immunoprecipitation by anti-TFII-I of 32P-ljmeled RNA in the spliciragaeaction

When a splicing reaction containing [32P]pre-mRNA substrate was subjected to

immunoprecipitation with antibodies directed against either Gall or Ga13, spliceosomal

complex(es) were coprecipitated along with the cognate antigen, a conclusion based on

finding 32P-labeled RNA species that are produced on the spliceosome during the splicing

reaction (10). We therefore used the same strategy to test for an association of TFII-I

with the spliceosome. Indeed, the starting pre-mRNA substrate, the products of the

splicing reaction (ligated exon and lariat intron), as well as the intermediates (e. g. lariat-

exon 2) were all observed in the anti-TFII-I precipitate (Figure 5A, lane 4). In contrast,

much less radioactivity, corresponding only to the pre-mRNA substrate species, was

observed in the precipitate of the control anti-GST antibody (Figure 5A, lane 3). The

profile of RNA precipitation observed with anti-TFII-I was also found with human

autoimmune serum reactive against the Sm epitopes of the core polypeptides of snRNPs,

which served as a positive control (Figure 5A, lane 2).

Along with the analysis for 32P-labeled RNA species, parallel samples of the

immunoprecipitate were subjected to SDS-PAGE and immunoblotting (Figure 5C). In

addition to its own cognate antigen, the anti-TFII-I precipitate also yielded positive

reactions with: (a) the Sm epitopes of snRNPs, and (b) Slu7, a factor required for the
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Figure 5. Analysis of spliceosomal RNA species and proteins immunoprecipitated

by various antisera.

Parallel splicing reactions incubated for 40 minutes with 32P-labeled MINX

were subjected to antibody adsorption and the bound RNA was analyzed by

electrophoresis through a 13% polyacrylarnide- 8.3 M urea gel system,

followed by autoradiography. Panel A: lane 1 - the splicing reaction mixture

(4%) that was subjected to immunoprecipitation; lane 2 - immunoprecipitate

of anti-Sm; lane 3 - immunoprecipitate of affinity-purified anti-GST; lane 4 —

immunoprecipiate of anti-TFII-I (#558). Panel B: lane 1 - the splicing

reaction mixture (0.8%) that was subjected to immunoprecipitation; lane 2 -

immunoprecipitation by anti-TFII-I (#558) carried out in the absence of Lac;

lane 3 - immunoprecipitation by anti-TFII-I (#558) carried out in the presence

of 100 mM Lac; lane 4 - immunoprecipitation by anti-Ga13 (#49) carried out

in the absence of Lac; lane 5 - immunoprecipitation by anti-Ga13 (#49) carried

out in the presence of 100 mM Lac; lane 6 - immunoprecipitation by

preimmune normal rabbit serum (#49) in the absence of Lao; and lane 7 —

immunoprecipitation by preimmune serum (#49) in the presence of 100 mM

Lac. Panel C: Following a splicing reaction, the sample (input, lane 1) was

subjected to immunoprecipitation by anti-TFII-I (lane 2) or anti-GST (lane 3).

Top panel: immunoblotting by anti-TFII-I (#558); middle panel:

immunoblotting by anti-Slu7; bottom panel: immunoblotting by anti-Sm.
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Figure 5
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second trans-esterification reaction during splicing (29), representing a late stage splicing

complex (Figure 5C, lane 2). In contrast, no reaction was observed when an antibody

directed against Ran (which is associated with nuclear transport) was used to immunoblot

the anti-TFII-I precipitate. On the basis of analysis of both RNA and proteins species,

therefore, it appears that TFII-I is a banafide component of spliceosomes, as the

proteomic study of Rappsilber et al. (11) had implicated.

The immunoprecipitation of 32P-labeled RNA by antibodies directed against Gall or

Ga13 is sensitive to inhibition by saccharide ligands such as thiodigalactoside and Lac

(Weizhong Wang and Ronald Patterson, unpublished observations). We have confirmed

these results. The presence of Lao reduced the level of radioactive RNA

immunoprecipitated with anti-Ga13 to that found in pre-immune controls (Figure 5B,

lanes 4-7). Lac had no effect, however, on the immunoprecipitation of splicing reaction

RNA by anti-TFII-I (Figure 5B, lanes 2 and 3).
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DISCUSSION

The key findings of the present study include: (a) When NEs of HeLa cells were

subjected to pull-down experiments with GST-Gall or GST-Ga13, the general

transcription factor TFII-I was identified as one ofthe polypeptides bound. (b) Lac, a

saccharide ligand of the galectin family of proteins, inhibited the pull-down of TFII-I

from NE. (c) Antibodies directed against TFII-I inhibited the splicing reaction when

added to a splicing competent NE. (d) Antibodies directed against TFII-I also

immunoprecipitated spliceosomal RNA species from a splicing reaction mixture

containing 32P-labeled pre-mRNA. These results suggest that TFII-I associates with

Gall- or Ga13-containing spliceosomal complexes.

TFII-I had been identified as a component ofthe spliceosome by proteomic analysis

(11). Our present demonstration, that anti-TFlI-I can exert a perturbation effect on the

splicing assay and that it can coprecipitate RNA species produced during the splicing

reaction, complement the chemical studies in implicating TFII-I as a part of the

functional spliceosome. There are now several lines of evidence linking transcription and

pre-mRNA splicing (see reference 30 for a review). First, there are transcription-related

effects on the pattern of splicing products. For example, the use of different promoters

by RNA polymerase 11 results in different splicing patterns for the same transcript (31).

In Drosophila, mutants that modulate the speed of transcription result in differential

splicing of transcripts (32). In addition to these promoter and kinetic effects, there are

also direct physical links between components of the transcription and splicing

machinery. For example, the carboxyl-terminal domain ofRNA polymerase II (CTD)

can stimulate splicing in vitro (33, 34) and interacts with both snRNPs (3 5) and the SMN
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protein that is responsible for snRNP biogenesis (36). One functional coupling between

RNA polymerase II transcription and splicing was revealed by the recent study of Das et

al. (3 7), who showed that CTD exerts its effect by stimulating a bypass of the H-complex

step of spliceosome assembly.

In addition to the general transcription factor TFII-I, it has also been reported that

Ga13 can interact with the thyroid specific transcription factor T'TF-l in the nuclei of

papillary thyroid cancer cells (3 8). GST pull-down assays demonstrated a direct

interaction between Ga13 and the homeodomain of TTF-1. In addition, gel retardation

assays showed that this interaction stimulated the DNA-binding activity ofTTF-1. Thus,

Ga13 can up-regulate the transcriptional activity of TTF-l , contributing to the

proliferation of the thyroid cells.

Ga13 also interacts with the protein Sufu (Suppressor of fused), a negative regulator of

the Hedgehog signal transduction pathway that binds directly with the Gli family of

transcription factors (39). The Sufu polypeptide contains a functional leucine-rich

nuclear export signal and the fusion protein derived from Sufu and green fluorescent

protein is found predominantly in the cytoplasm of transfected HeLa cells. As expected,

mutants of Sufu in which the nuclear export signal has been inactivated (Sufu(L383A;

L385A)) localized mostly to the nucleus. When co-transfected with Ga13, however, the

same Sufu(L383A; L385A) mutant was found in the cytoplasm, colocalized with Ga13.

Thus, the possibility was raised that Ga13 plays a role in the nuclear versus cytoplasmic

distribution of the transcriptional regulator.

One other ligand of Ga13, the cysteine- and histidine-rich protein (Chrp), deserves

mention. Chrp was initially identified in a yeast two-hybrid screen of a murine 3T3 cell
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cDNA library using Ga13 as the bait (40). Direct interaction between Ga13 and Chrp was

confirmed by in vitro binding assays. Immunofluorescence analysis revealed that, in 3T3

cells, Chrp was distributed throughout the cytoplasm but was especially concentrated in a

concentric ring at the nuclear envelope. Chrp binds to the CRD of Ga13. Nevertheless,

Ga13, in complex with Chrp, can still bind to glycoconjugate ligands, including the

glycoprotein laminin (41). Therefore, the data suggest that the CRD of Ga13 can

simultaneously accommodate two ligands: saccharide and Chrp.

This may also apply to the binding of saccharides and TFII-I to the CRD of galectins

as well. In the accompanying article (12), we document that mutants of Gall devoid of

saccharide-binding activity can still carry out the pull-down of TFII-I from NE as well as

reconstitute splicing in NE depleted of the galectins. Thus, it appears that we can

dissociate the carbohydrate-binding activity of the CRD in the Gall polypeptide from its

association with spliceosomal components. Extended to the CRD of Ga13, this would be

consistent with the notion that there are separate binding sites for saccharides and for

TFII-I within the CRD.

On the other hand, the inhibition by Lac of the GST-Ga13 (and GST-Gall) pull-down

of TFII-I suggests that the binding of TFII-I and saccharide ligands to Gal3 is mutually

exclusive and that the two ligands may compete for the same binding surface within the

galectin CRD. One possibility is that binding of carbohydrates to the CRD induces a

conformational change in the galectin polypeptide that precludes association with TFII-I.

Evidence for a conformational change upon saccharide-binding has been reported for

Ga13, using differential scanning calorimetry (20) and NMR spectroscopy (42).
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In any case, the disruption by Lac of the galectin-TFII-I association provided an

opportunity to probe the order with which TFII-I and Ga13 is recruited to the

spliceosome. Lac inhibits both the immunoprecipitation of spliceosomal RNA by anti-

Gal3 as well as the GST-Ga13 pull-down of TFII-I. In contrast, the saccharide had no

effect on the immunoprecipitation of spliceosomal RNA by anti-TFII-I. It appears,

therefore, that TFII-I is bound to the spliceosome independent of Ga13 (Figure 6). On the

other hand, it appears that Ga13 recruitment to the spliceosome is dependent on its

association with TFII-I, which is disrupted by the binding of Lac. These results provide

the basis for a more detailed characterization of the galectin-TFII-l association. In

particular, the key question remains whether Ga13 (and Gall) binds directly to TFII-I and

if the interaction is indirect, what other components might mediate this association.
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Figure 6. Schematic illustration of the association of TFII-I and Ga13 with the

spliceosomal complex.

The association of TFII-I with the spliceosome appears to be independent of

its interaction with Ga13, which is disrupted by Lac binding. On the other

hand, the association of Ga13 with the spliceosome may be mediated through

its interaction with TFII-I as both are disrupted by Lac binding. Although the

present schematic depicts it as direct binding, whether the association between

TFII-I and Ga13 is direct or indirect is not known.
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Dissociation of the Splicing and the Carbohydrate-binding Activities of Galectin-l
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ABSTRACT

Three site-directed mutants of galectin-1 (Gall) were expressed and purified as fusion

proteins with glutathione S-transferase (GST). These mutants, designated as GST-

Ga11(N46D), GST-Gall(C60S), and GST-Gall(E7lQ), were compared with the

corresponding fusion protein containing wild-type Gall, GST-Gall(WT), in three assays:

(a) binding to asialofetuin-Sepharose as a measure of the carbohydrate-binding activity;

(b) pull-down of transcription factor II-I (TFII-I) from nuclear extract of HeLa cells; and

(c) reconstitution of splicing in HeLa nuclear extract depleted of galectins as a test of the

in vitro splicing activity. The binding of GST-Gall(N46D) to asialofetuin-Sepharose was

less than 10% of that observed for GST-Ga11(WT), indicating that the mutant was

deficient in carbohydrate-binding activity. Bath GST-Gall(WT) and GST-Ga11(N46D)

were equally efficient, however, in pull-down of TFII-I and in reconstitution of splicing

activity in a galectin-depleted nuclear extract. GST-Gall(C6OS) retained all three

activities and behaved similarly to the wild-type protein. Finally, GST-Ga11(E71Q)

exhibited drastically reduced activities in all three assays, suggesting that the mutation

may have caused misfolding of the polypeptide. Together, all of the results suggest that

the carbohydrate-binding and the splicing activities of Gall can be dissociated and

therefore, saccharide-binding, per se, is not required for the splicing activity.
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INTRODUCTION

Using the criteria of depletion and reconstitution, we had documented in previous

studies that galectin-1 (Gall) and galectin-3 (Ga13) are nuclear proteins involved in the

splicing ofpre-mRNA, assayed in a cell-free system (1-3). In the course of these studies,

we observed that saccharides which bind to Gall and Ga13 with high affinity, such as

lactose (Lac) and thiodigalactoside (TDG), inhibited the splicing reaction when added to

a complete nuclear extract (NE) (1). In contrast, saccharides that do not bind to Gall and

Ga13, such as cellobiose, had no effect. Does inhibition of splicing by Lac and TDG

indicate that the nuclear ligand for the galectins interacts with the carbohydrate-binding

site and that it is competitively displaced upon Lac/TDG addition? Or, does Lac/TDG

addition alter the conformation of the galectins, causing the release or altered interaction

with a nuclear ligand bound via protein-protein, rather than protein-carbohydrate

interactions?

The availability of site-directed mutants of Gall devoid of carbohydrate-binding

activity (4, 5) provided the key reagents to test whether saccharide-binding per se is

necessary for the splicing activity. In any site-directed mutagenesis experiment,

however, a critical issue is whether the mutation has caused a disruption of the overall

folding of the polypeptide. Our recent discovery (6) of the association of Gall and Ga13

with the general transcription factor II-l (TFII-I), in turn, provided the opportunity for an

independent monitor of the folding of the wild-type and mutant polypeptides.

In the present communication, we report the identification of a site-directed mutant of

Gall , deficient in carbohydrate-binding activity, that is still capable of functioning in the

105



splicing assay. The results suggest that the association of Gall with TFII-I and its

splicing fimction are independent of the carbohydrate-binding activity of the polypeptide.
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EXPERIMENTAL PROCEDURES

Glutathione S-transferase (GSTl-Fusion Proteins --- The cDNAs for wild-type (WT) and

three mutants (N46D, C608, and E71Q) ofhuman Gall have been described (4, 5). Each

cDNA was subcloned into the BamHI restriction site of the pGEX-2T vector (Pharmacia)

to produce a fusion protein between GST and Gall, hereafter designated, respectively:

GST-Ga11(WT), GST-Ga11(N46D), GST-Gall(C60S), and GST-Ga11(E71Q). Each of

the constructs was subjected to DNA sequencing to verify: (a) the juncture of the fusion

protein between GST and Gall; and (b) the wild-type and mutant amino acid at the

mutagenized residue.

The constructs were transformed into E. cali (strain BL21-codon Plus (DE3);

Stratagene) and the GST fusion proteins were purified from 1 liter cultures on the basis of

GST binding to glutathione-agarase beads (Pierce). The purity of the protein

preparations was assessed by SDS-PAGE (7). The polypeptides were revealed by silver

staining (8) or by immunoblotting (6), following procedures that have been described

previously. Affinity purified polyclonal rabbit anti-Gall and anti-GST antibodies were

used for the immunoblotting.

To generate the antibodies, the immunogen used was GST-Gall(WT) purified on the

basis of binding to two columns: (a) glutathione-agarose and elutian with glutathione;

and (b) Lac-agarose (Sigma) and elution with Lac. Approximately 70 ml of antisera,

pooled from four bleeds of rabbit #55, were subjected to ammonium sulfate fractionation

(50% of saturation). The immunoglobulin-containing precipitated fraction was

solubilized in, and dialyzed against, phosphate-buffered saline (PBS) and passed over a 5

ml column of GST-agarose. The unbound (flow-through) fraction was immediately

107



loaded over the same column (six passes over the same column to insure binding). The

bound fraction was eluted with 0.1 M glycine-HCI (pH 2.2) and this was dialyzed

immediately against PBS to neutralize the pH. The bound and eluted material from the

GST affinity column is designated as affinity purified anti-GST. Purified GST-

Gall(WT) (the immunogen) was bound to glutathione-agarose and covalently cross-

linked with dimethylpimelimidate (20 mM; Pierce). The reaction was carried out in 0.2

M sodium borate (pH 9) for 1 hour at room temperature; the cross-linked beads were

washed twice with 0.2 M ethanolamine, pH 8, followed by a 2-hour incubation at room

temperature in the same buffer to block unreacted groups. The unbound fractions of the

antisera, depleted of anti-GST antibodies, were passed over this GST-Gall(WT) affinity

column (six passes to insure binding). The bound and eluted material from this column is

designated as affinity purified anti-Gall. At 122000, 1:5000, and 1:10,000 dilutions, this

affinity purified anti-Gall blots Gall in NE of HeLa cells and purified GST-Gall(WT)

but does not blot GST.

Assay of Carbohydrate-bindingActivity The preparation of the affinity beads,

asialofetuin (ASF)-Sepharose 4B, has been described (9). Approximately 180 nmoles of

ASF were coupled per m1 of Sepharose beads. GST proteins (350 ng each of GST, GST-

Gall (wild-type and three mutants)) were incubated with 35 pl of ASF-Sepharose for 2

hours at 4 °C. The incubations were carried out in 60% buffer D (buffer D is 20 mM

Hepes, pH 7.9, 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsufonyl

fluoride, and 0.5 mM dithiothreitol) containing 0.1% NP-40 (Pierce) in the presence and

absence of Lac (100 mM). The material not bound to the beads was removed by

centrifugation (1000 x g); after resuspension, the beads were washed four times in 60%
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buffer D containing 0.1% NP-40. The GST proteins bound to the beads were subjected

to SDS-PAGE and immunoblotting with anti-GST and anti-Gall antibodies.

The chemiluminescent signal provided by horseradish peroxidase conjugated to the

secondary antibody was detected using the Western Lightning reagent (Perkin Elmer Life

Sciences). This signal was quantitated with a BioRad model GSSOS Molecular imager

system and associated software. Known amounts ofGST and GST-Gall were used to

establish standard curves. The quantitative value of the immunoblotted band derived

from the incubation carried out in the presence of Lao represented non-specific binding

not inhibitable by Lac; this accounted for about 3% of the total binding for both the wild-

type and mutant proteins. Lac-inhibitable specific binding was calculated by subtracting

this value from the total binding.

GST pull-down of TFII-I from NE The assay was carried out as described in the

previous article (7). Approximately 10 pg of each GST protein was incubated overnight

with 20 pl ofpacked glutathione-agarose beads (Sigma) in 60% buffer D at 4 °C. After

removal of unbound material and washing, 36 pl (~144 pg total protein) ofNE was

added to the beads with 24 pl of 60% buffer D containing 14.7 mM creatine phosphate,

2.4 mM MgC12, and 0.4 mM ATP. In experiments to test the effect of Lac, the saccharide

was added to a final concentration of 100 mM. The mixture was incubated at 4 °C for 12

hours. After removal of unbound material and washing, the bound fraction was eluted

with 20 pl of glutathione elution buffer (16 mM glutathione, 60 mM HEPES-KOH, pH

7.9, 11.4% glycerol, 57 mM KCl, and 114 pM EDTA) at 31 °C for 30 minutes, followed

by 1 hour at room temperature. The eluted material was then subjected to SDS-PAGE

and immunoblotting analysis with anti-TFII-I (#558, Bethyl Laboratories) (6).
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Assayof Splicing Activity HeLa S3 cells were grown in suspension culture by the

National Cell Culture Center (Minneapolis, MN). NE was prepared in buffer C (20 mM

Hepes, pH. 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM MgC12, 0.2 mM EDTA, 0.5 mM

phenylmethylsufonyl fluoride, 0.5 mM dithiothreitol), as described by Dignam et al. (10).

Protein concentrations were determined by the Bradford assay (11); in this study, the

protein concentration of the NE was ~4 mg/ml.

NEs were depleted of Gall and Ga13 by adsorption on beads covalently coupled with

rabbit anti-Gall (#55) and rat anti-Mac-2 (2). Anti-Mac-2 (anti-M2) is a rat monoclonal

antibody specific against Ga13 (12, 13). The beads (150 p1) were washed with 20 mM

Hepes, pH 7.9, 0.5 M NaCl; 30 pl NE were added and incubated on ice for 20 minutes in

disposable spin columns (Millipore). The unbound fraction was removed and the beads

were washed with 12 pl of 60% buffer D adjusted to 0.42 M NaCl and this wash was

combined with the unbound fraction. Aliquots of nondepleted NE and unbound fractions

of the depletion were dialyzed in a microdialyzer against 60% buffer D for 40 minutes at

4 °C using a dialysis membrane with a 10 kD cutoff. In reconstitution experiments, GST

or GST-Gall (wild-type and mutant proteins) were added to the unbound fractions prior

to dialysis. The dialyzed fractions were then assayed for splicing activity.

The plasmid used to transcribe the MINX pre-mRNA substrate was obtained from Dr.

Susan Berget (Baylor College of Medicine, Houston, TX) (14). The MINX pre-mRNA

was labeled with [32P]GTP and the monomethyl cap was added during SP6 polymerase

(Gibco BRL) transcription. Splicing reaction mixtures contained a total volume of 10 p1:

dialyzed NE (4 pl) or unbound fraction (8 pl), [32P]MINX pre-mRNA, 2.5 mM MgCl;, 1

mM ATP, 20 mM creatine phosphate, 0.5 mM dithiothreitol, and 20 U of RNasin
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(Promega). Splicing reactions were incubated at 30 °C for 45 minutes. Proteinase K-

SDS solution was added to a final concentration of 4 mg/ml and 0.1%, respectively. The

sample was incubated at 37 °C for 15 minutes. Each sample was then diluted to 100 pl

with 125 mM Tris, pH 8, 1 mM EDTA, 0.3 M sodium acetate. RNA was extracted with

200 pl of phenol-chloroform (50:50 (vol/vol)), followed by 200 pl chloroform. RNAs

were precipitated with 400 pl of ethanol at -80 °C. The extracted RNAs were subjected

to electrophoresis through 13% polyacrylamide (bisacrylarnide-acrylamide, 1.9:50

(wat)), 8.3 M urea gels, followed by autoradiography.

Quantitation of the amount of radioactivity was carried out on a STORM

phosphorimager (Molecular Dynamics). The percent product formation was calculated

by dividing the radioactivity present in the final product (ligated exon l-exon 2) by the

total radioactivity present in the pre-mRNA substrate, the splicing intermediates (lariat-

exon 2 and free exon 1), and the products (lariat intron and ligated exon l-exon 2).
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RESULTS

GST-Gall(N46D) and GST-Gall(E710) are deficient in carbohydrate-binding activity

Hirabayashi and Kasai (4, 5) had demonstrated that substitutions at highly conserved

residues of the carbohydrate recognition domain of human Gall, such as Asn 46 and Glu

71, resulted in loss of saccharide-binding activity. The cDNAs corresponding to WT and

the N46D and E71Q mutants were each subclaned into the pGEX-2T vector to produce a

fusion protein between GST and Gall so that we can take advantage of the easy

purification of the proteins on the basis ofGST binding to glutathione beads. As a

control, we also carried out the same analysis on another mutant, C60S, whose

substitution did not abolish the carbohydrate-binding activity (4, 5). Nucleotide sequence

analysis of the constructs verified the sequence of the fusion proteins; in particular,

residue 46, 60, and 71 in the Gall sequence was confirmed to be Asp, Ser, and Gln,

respectively, for GST-Ga11(N46D), GST-Ga11(C60S), and GST-Gall(E71Q). In

parallel, we also expressed GST from the same vector to be carried as a control in the

functional tests below.

On SDS-PAGE and silver staining (FigurelA), each of the purified GST proteins

yielded a single band with a mobility corresponding to the expected molecular weights:

GST, ~27 kD; and GST-Gall (wild-type and mutants), ~42 kD. Immunoblotting with

affinity purified anti-Gall antibodies yielded a single band at the same molecular weight

for GST-Gall (wild-type and mutant proteins) (Figure 1B, lanes 2-5). No reaction was

observed between anti-Gall and GST (Figure 1B, lane 1). Finally, immunoblotting of the

respective GST protein preparations with affinity purified anti-GST antibodies yielded

the same single band patterns as were observed by
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Figure 1. Characterization of the preparations of fusion proteins containing wild-

type or mutant Gall by SDS-PAGE.

Lane 1: GST; lane 2, GST-Gall(WT); lane 3, GST-Gall(N46D); lane 4, GST-

Gall(C6OS); and lane 5, GST-Gall (E71Q). The proteins (~30 ng in each

lane) were electrophoresed through 12.5% acrylamide gels. Panel A: silver

staining; Panel B: immunoblotting with affinity purified anti-Gall antibodies

(#55); and Panel C: immnoblotting with affinity purified anti-GST antibodies.

The binding of the primary antibodies in panels B and C were revealed with

horseadish peroxidase-conjugated goat anti-rabbit immunoglobulin and the

enhanced chemiluminescence system. The positions of migration of

molecular weight standards (80 kD, 52 kD, 35 kD, 30 kD, and 22 kD) are

indicated on the left.
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silver staining (Figure 1C). All of these results establish the purity of the protein reagents

to be compared in the functional assays below.

Purified GST-Ga11(WT) was compared to the mutant counterparts in terms of their

binding to ASF-Sepharose beads. After washing, the material bound to the beads was

subjected to SDS-PAGE and immunoblotting with anti-GST antibodies. Using known

amounts of GST-Gall to establish standard curves, we quantitated the Lac-inhibitable

binding, as well as the binding not inhibitable by Lac. The latter accounted for about 3%

of the total binding observed for both the wild-type and mutant proteins. In terms of Lac-

inhibitable binding, 10-15% of the GST-Gall(WT) added to the assay was bound

specifically; the level of binding for GST-Ga11(C60S) was even higher (~23% of the

added protein bound specifically). In contrast, less than 1% of the GST-Gall(N46D) and

GST-Gall(E7lQ) added to the assay was bound. The binding ofthese two mutants was

drastically reduced relative to the wild-type protein and was essentially the same as that

observed for GST alone (Figure 2). The same overall conclusion was obtained using

either anti-GST antibodies or anti-Gall antibodies for the quantitation (the latter

obviously could not detect GST itself, as was shown in Fig 1B, lane 1).

Comparison of the GST pull-down of TFII-I by wild-typeapd mutant Gall

In the preceding article of this series, we had documented that both GST-Ga13 and

GST-Gall can pull-down TFII-I from NE (6). A comparison was made, therefore, of the

GST pull-down of TFII-I by wild-type and mutant Gall proteins. GST-Gall(WT), GST-

Gall(N46D) and GST-Gall(C6OS) yielded good signals for TFII-I in the pull-down assay

(Figure 3A, lanes 2—4). The signal for TFII-I in the GST-Gall(E71Q) pull-down was

substantially weaker; however, it was nevertheless still above the background level
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Figure 2. Comparison of the carbohydrate-binding activity of GST-Ga|1(WT),

GST-Gall(N46D), GST-Gall(C6OS), and GST-Gall(E71Q).

The GST proteins (350 ng) were incubated with ASF-Sepharose for 2 hours at

4 °C in 60% buffer D containing 0.1% NP-40. Parallel incubations were

carried out in the presence and absence of 100 mM Lac. Proteins bound to the

ASF-beads were quantitated by immunoblotting with anti-GST. The values

shown represent Lac inhibitable specific binding.
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Figure 3: Comparison of the GST pull-down of TFII-I in NE by wild-type and

mutant Gall polypeptides.

The GST proteins were incubated overnight with glutathione beads at 4 °C in

60% buffer D. After washing to remove the unbound material, the beads were

then incubated with NE (36 pl) for 12 hours at 4 °C. Material bound to the

various beads was eluted with glutathione (16 mM) and analyzed by SDS-

PAGE and immunoblotting. Panel A: immunoblotting with anti-TFll-I

(#558). Panel B: immunoblotting with anti-GST to ascertain that

approximately equal amounts of GST proteins were bound to the beads in the

pull-down assay.
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observed for GST alone (Figure 3A, lanes 5 versus 1). Control immunoblots with anti-

GST showed that approximately equal amounts ofGST proteins were bound to the

glutathione beads in the pull-down assay (Figure 3B).

Thus, it appears that GST-Gall(C6OS) retained both carbohydrate and TFII-I binding

activities observed with GST-Ga11(WT). For GST-Gal 1 (N46D), on the other hand, the

mutant polypeptide must have retained sufficient structure to preserve the association

with TFII-I while the saccharide-binding activity was compromised. This argues against

the notion that the single amino acid substitution resulted in gross misfolding of the

polypeptide. Finally, it appears that the mutation in GST-Gall(E71Q) reduced both the

carbohydrate-binding activity and its association with TFII-I, possibly reflecting

unfolding of the polypeptide.

Reconstitution of Splicingjagalectin-depleted NE by GST-GallIWT) and GST-

Gal 1 (N46D)

NE was prepared in buffer C, which contained 0.42 M NaCl to dissociate splicing or

ribonucleoprotein complexes. This NE was incubated with beads covalently coupled

with anti-Gall and anti-Ga13 (the anti-M2 monoclonal). Western blotting analysis

documented that both proteins were present in the NE and in the bound fraction of the

antibody beads. Only trace amounts of either Gall or Ga13 remained in the unbound

fraction (Figure 4A).

NE depleted of the galectins showed reduced splicing activity (Figure 4B, lanes 1-2).

Product mRNA formation was decreased from ~20% to ~5%. We had previously

documented that GST, by itself, had little or no effect on the cell-free splicing activity

(15) so the effects of purified GST-Gall(WT) and GST-Gall(N46D) could be directly
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Figure 4. Comparison of the splicing activities of NE, NE after depletion of Gall

and Ga13, and depleted NE reconstituted with GST, GST-Gall(WT), and

GST-Gall(N46D).

NE was depleted of Gall and Ga13 by adsorption on beads covalently coupled

with anti-Gall and anti-M2 (rat monoclonal antibody against Ga13). Panel A:

Immunoblotting for Gall and Ga13 in NE, the unbound (UB) fraction of the

double antibody adsorption, and the bound (B) fraction. The amount of

material electrophoresed in the NE and UB lanes represents ~41% of the

amount electrophoresed in the B lane. Panel B: Splicing of 32P-labled MINX

pre-mRNA. Lane 1, the complete (non-depleted) NE; lane 2, the unbound

(UB) fraction of the double antibody adsorption; lanes 3-5, depleted extract

reconstituted with GST, GST-Gall(WT), and GST-Gall(N46D), respectively.

The concentration of the GST proteins was 6.5 pM. Panel C: Dose-response

of the reconstitution of splicing activity by GST-Gall(WT) and GST-

Ga11(N46D). Lane 1, the complete NE; lane 2, the unbound (UB) fraction of

the double antibody adsorption; lanes 3-5, reconstitution with 1 pM, 6.5 pM,

and 13 pM GST-Gall(WT); and lane 6-8, reconstitution with 1 pM, 6.5 pM,

and 13 pM GST-Gall(N46D). In panels B and C, products of the splicing

reaction were analyzed by electrophoresis through a 13% polyacrylamide-urea

gel and autoradiography. The positions of migration of the pre-mRNA

substrate, the splicing intermediates (exon 1 and lariat-exon 2), and RNA

. products (ligated exon l-exon 2 and intron lariat) are indicated at the center.
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compared. The same preparations of the wild-type and mutant proteins that exhibited

drastic differences in saccharide-binding activity (Figure 2) both reconstituted splicing in

the galectin-depleted NE (Figure 4B, lanes 4-5). The concentration of GST proteins used

in the reconstitution was 6.5 pM. At this concentration, the level of product formation

(~10%) in the reconstitution assay was comparable to that achieved previously with

recombinant Gall (2). In contrast, GST by itself could not reconstitute the splicing

activity in the depleted NE (Figure 4B, lane 3).

GST-Gall(WT) and GST-Ga11(N46D) showed similar dose-response curves in

reconstituting the splicing activity of a galectin-depleted NE (Figure 4C). Over a

concentration range of 1 - 13 pM, product formation rose from ~5% to ~10%. Both

products of the splicing reaction, the ligated exons and the liberated intron lariat, yielded

the same conclusion. Since GST-GallCN46D) has lost its carbohydrate-binding activity,

it appears that the splicing activity correlates with its retention of the association with

TFII-I.

GST-Gall (C608) behaved similarly to GST-Gall(WT) in the reconstitution of

splicing assay (Figure 5). Thus, GST-Gall(C6OS) retained all three activities of the wild-

type protein. In contrast, it appears that GST-Gall(E71Q) has lost all three activities as

we were unable to obtain a reproducible reconstitution assay with this mutant (data not

shown).
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Figure 5. Comparison of the splicing activities of NE, NE after depletion of Gall

and Ga13, and depleted NE reconstituted with GST, GST-Gall(WT), and

GST-Gall(C6OS).

NE was depleted of Gall and Ga13 by adsorption on beads covalently coupled

with anti-Gall and anti-M2 (rat monoclonal antibody against Ga13). Lane 1,

the complete (non-depleted) NE; lane 2, the unbound (UB) fraction of the

double antibody adsorption; lanes 3-4, depleted extract reconstituted with

GST-Ga11(WT), and GST-Gall(C6OS), respectively. Splicing of32P-labled

MINX pre-mRNA was analyzed by electrophoresis through a 13%

polyacrylamide-urea gel and autoradiography.

124



Figure 5

U8 (1M2 + 0161

$
8
8

T
a
o
e
m
o

a
:
2
8
.
5
0

m
2

 

125



DISCUSSION

The key findings of the present study include: (a) the N46D mutant of Gall, expressed

as a fusion protein with GST, is deficient in carbohydrate-binding activity, compared to

the wild-type protein; (b) the same GST-Gall(N46D) protein retained, however, both its

association with TFII-I and the reconstitution of splicing activity in NE depleted of

galectins, just like GST-Gall(WT); and (c) the C608 mutation did not appear to affect

any activity of the polypeptide as GST-Gall(C60S) behaved similarly to GST-Gall(WT).

On the basis of the results obtained with GST-Gall(N46D), compared to a parallel

analysis of an innocuous mutant (GST-Gall(C6OS)), it appears that the splicing functions

of Gall can be dissociated from its carbohydrate-binding activity.

In previous studies, Hirabayashi and Kasai carried out site-directed mutagenesis on

the human Gall cDNA to generate the N46D mutant (4, 5). When bacterial lysates

expressing this mutant were passed over ASF-Toyopearl columns, Gall(N46D), as

detected by immunoblotting, was found exclusively in the flow-through fraction, together

with the bulk of the E. cali proteins. There was no sign of retardation on the affinity

columns that might reflect some retention of weak carbohydrate-binding capacity. Thus,

it was concluded that substitution of Asn by Asp at residue 46 resulted in complete loss

of saccharide-binding activity (4, 5). Like the parent mutant protein Gall(N46D), our

present fusion construct GST-Gall (N46D) also resulted in a polypeptide deficient in

binding to ASF. The level of binding of GST-Gall(N46D) was found to be similar to

that observed with GST. That residue 46 ofhuman Gall is critical in saccharide-binding

is consistent with the results of X-ray crystallographic analysis of the carbohydrate
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recognition domain of the galectins, in which the Asn residue at this position serves as an

acceptor of a hydrogen band from the hydroxy group at C-4 of galactose (16-19).

In any site-directed mutagenesis experiment, a critical issue is whether the mutation

has caused a disruption of the overall folding of the polypeptide. Thus, structural data

will ultimately be required to provide a definitive basis for proper interpretation of the

results obtained with the mutant polypeptide(s). It should be noted, however, that our

present results showing that GST-Gall(N46D) can associate with TFII-I and reconstitute

splicing despite being deficient in carbohydrate-binding suggest that we have been able to

dissociate the former two activities from saccharide interactions in the N46D mutant.

This, in turn, suggests that the mutant polypeptide must have retained sufficient structure

to preserve the splicing-related activities while the carbohydrate-binding activity was

compromised. We draw analogy to two previously documented examples. Prostaglandin

endoperoxide synthase, which catalyzes the committed step in the synthesis of

prostaglandins and thromboxanes, exhibits two activities: (a) cyclooxygenase activity;

and (b) peroxidase activity. A site-directed mutant (Y384F) lacked cyclooxygenase

activity but retained peroxidase activity, arguing against the notion that the single amino

acid substitution resulted in gross misfolding of the polypeptide (20). Similarly, Bicoid,

the anterior determinant of Drosophila, controls embryonic gene expression by

transcriptional activation and translational repression. Replacement of arginine at residue

54 (R548) shifts the binding properties of the homeodomain to prefer DNA over RNA

recognition. This abolishes mRNA translational repression without affecting

transcriptional activation (21). On the basis of these comparisons, we interpret our
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present data to indicate that the saccharide-binding activity of Gall is not required for the

splicing activity.

This raises the question ofhow to reconcile the two apparently disparate findings:

while carbohydrate-binding is not required for splicing activity and for association with

TFII-I, saccharides such as Lac and TDG nevertheless exert an inhibitory effect when

added to the splicing assay (1) or to the GST-Gall pull-down of TFII-I (6). It is possible

that binding of saccharide ligands to the carbohydrate-binding site results in a

conformational change that disrupts the interaction of the galectin polypeptide with a

component ofthe splicing machinery such as TFII-I. Consistent with this notion is the

preliminary observation that while GST-Gall(WT) pull-down of TFII-I is sensitive to

Lac inhibition (see Figure 2A ofpreceding article, reference 6), the pull-down of TFII-I

by GST-Gall(N46D) is not inhibited by Lac, presumably because the mutant protein

does not bind the saccharide to induce the conformational change.

To the best of our knowledge, a conformational change in the Gall polypeptide upon

saccharide binding has not been reported. Moreover, most of the crystallographic

structures of the galectin family of polypeptides have been determined in complexes

containing glycoconjugate ligands (16-19). The lone exception is that of galectin-7, in

which the X-ray structure was determined in both free and carbohydrate-bound forms

(22). A comparison of the three-dimensional structures of the two forms showed that the

galectin-7 polypeptide does not undergo any significant conformational changes upon

saccharide-binding. On the other hand, evidence for a conformational change in the

COOH-terminal carbohydrate recognition domain of Ga13 upon Lac binding has been

suggested by differential scanning calorimetry, in which the melting temperature during
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thermal denaturation of the globular fold is shifted from ~56 °C to ~65 °C by the presence

of Lac (23). In addition, more recent NMR studies have shown that binding of

saccharide ligands to Ga13 is accompanied by a conformational change, with

rearrangements of the backbone loops near the binding site (24). Finally, several studies

have documented that Ga13 binds to multivalent ligands with positive cooperativity (25-

27) and it was suggested that saccharide-binding might expose hydrophobic surfaces for

interactions between the carbohydrate recognition domain of separate Ga13 molecules

(28). Thus, a rigorous test of our hypothesis must await physico-chemical studies on the

Gall polypeptide itself, as well as tests of the effect of Lac or TDG on the interaction

between Gall (and Ga13) with components of the splicing machinery
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CHAPTER 4

Epitope for the Mac-2 Monoclonal Antibody in the Praline-, Glycine-rich Domain of

Galectin-3
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ABSTRACT

Previous depletion and reconstitution experiments had established that galectin-3

(Ga13) is a factor required for cell-free splicing ofpre-mRNA. The epitope of one

monoclonal antibody, NCL-GAL3, maps to the NH2-terminal 14 amino acids of the Ga13

polypeptide. The addition of this antibody to a splicing competent nuclear extract

inhibited the splicing reaction. Native gel electrophoresis showed that NCL-GAL3

exerted its effect early in the spliceosome assembly process, blocking the progression of

H-/E-comp1exes into active spliceosomal complexes. In contrast, the epitope of a second

monoclonal antibody, anti-Mac-2, maps to residues 48-100, which contains multiple

repeats of a 9-residue motif, PGAYPGXXX. This antibody had no effect on splicing.

One interpretation of these results is that the portion of the Ga13 polypeptide bearing the

PGAYPGXXX repeats is sequestered through interaction with the splicing machinery

and is inaccessible to the anti-Mac2 antibody. Consistent with this nation, a synthetic

peptide containing three perfect repeats of the sequence PGAYPGQAP (27-mer)

inhibited the splicing reaction, mimicking a dominant-negative mutant. In contrast,

addition of peptides corresponding to a single iteration (9-mer) or two repeats (18-mer) of

this motif failed to yield the same effect. Finally, GST-hGal3(l-100), a fusion protein

containing glutathione S-transferase and a portion of the Ga13 polypeptide bearing the

PGAYPGXXX repeats, also exhibited the dominant negative effect on splicing.
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INTRODUCTION

Galectins are a family of widely distributed proteins that bind to B-galactosides and

contain characteristic amino acid sequences in the carbohydrate recognition domain(s)

(CRD) of the polypeptide (1). At present, 15 mammalian galectins have been reported

and classified into three subgroups, according to the content and organization of the

domains in their respective polypeptides (for reviews, see references (2) and (3)): (a)

prototype subgroup containing a single domain, the CRD; (b) tandem repeat type

containing two CRDs joined by a linker region; and (c) chimera type containing two

domains, a CRD fused onto a Pro-, Gly-rich domain.

Galectin-3 (Ga13) is, at present, the sole representative of the chimera subgroup. Like

most other members of the family, Ga13 exhibits dual localization, being found in both

the extracellular compartment (cell surface and medium) as well as the intracellular

compartment (cytoplasm and nucleus) (4). In previous studies, we reported the

localization of Ga13 to the cell nucleus in the form of a ribonucleoprotein (RNP) complex

(5, 6). We also identified it as one of the many proteins required for the splicing of pre-

mRNA, assayed in a cell-free system. This conclusion was based on several key

observations (7-9): (a) Nuclear extracts (NEs) derived from HeLa cells, capable of

carrying out splicing, contain Ga13 and another family member, galectin-1 (Gall); (b)

NEs depleted of Gall and Ga13 are deficient in splicing activity and spliceosome

formation; (c) The splicing activity and spliceosomal assembly of the galectin-depleted

extracts are reconstituted by the addition of either purified recombinant Gall or Ga13; and

(d) Saccharides that bind the galectins with high affinity inhibit the cell-free splicing
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reaction. These results strongly suggest that Gall and Ga13 are redundant factors in the

splicing of pre-mRNA.

The polypeptide of Ga13 can be delineated into two distinct domains: (a) an NH2-

terrninal domain (ND) containing multiple repeats of a 9-residue motif, PGAYPGXXX;

and (b) a COOH-terminal CRD that shows sequence similarity with the corresponding

CRDs of other members of the galectin family (10-13) (see also

http://www.ncbi.nlm.nih.gov). Previous studies had documented that the CRD was

sufficient to reconstitute splicing activity in a galectin-depleted NE (8). However, the

minimum concentration required for activity was four to eight times higher than that

required of the full-length Ga13 polypeptide, which contains the PGAYPGXXX motifs.

These results suggest that Ga13 uses, at least in part, the ND to interact with components

of the splicing machinery. In the present communication, we provide three lines of

evidence that implicate the repeating 9-residue motif, PGAYPGXXX, in mediating this

interaction.
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EXPERIMENTAL PROCEDURES

Antibodies and peptides u_sed in functiopal assay_s --- A rat monoclonal antibody was

developed against the Mac-2 antigen (14), which has been shown to be Ga13 (15). The

hybridama line producing this monoclonal antibody (M3/38.1.2.8.HL.2) was obtained

from the American Type Culture Collection (TIB 166). The hybridama cells were

cultured in serum-free medium (RPMI 1640 containing Nutridoma SP (Boehringer

Mannheim». After centrifugation to pellet the cells, supematants from the cultures were

pooled, subjected to ammonium sulfate precipitation (45% of saturation), dialyzed

against phosphate-buffered saline (PBS; 140 mM NaCl, 2.68 mM KCl, 10 mM NazHPO4,

1.47 mM KHZPO4, pH 7.4) exhaustively, and stored in aliquots at a concentration of 250

pg/ml. This antibody preparation is hereafter designated as rat monoclonal anti-Mac-2.

We also obtained an independent preparation of the anti-Mac-2 antibody from a

commercial source (Acris Antibodies, GmbH, Hiddenhausen, Germany).

A murine hybridama, designated as NCL-GAL3, was derived using human Ga13 as

the immunogen. The NCL-GAL3 antibody used in this study was purchased from Vector

Laboratories (VP-G802; hybridama clone 9C4). Human autoimmune serlun (anti-Sm)

reactive with the Sm antigens of small nuclear ribonucleoprotein complexes (snRNPs)

was purchased from The Binding Site.

The following peptides were synthesized in the Macromolecular Structure Facility

(Michigan State University): (a) 9-mer (PGAYPGQAP) corresponding to residues 42-50

ofhuman Ga13; (b) 18-mer (PGAYPGQAPPGAYPGQAP) corresponding to two

iterations of the 9-residue motif; (c) 27-mer (PGAYPGQAPPGAYPGQAPPGAYPG-
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QAP), three iterations; (d) l4-mer (MADNFSLHDALSGS) corresponding to residues 1-

14 of human Ga13; and (e) mt14-mer (MADNFALHDALSGS), with a S6A substitution.

Assays for pre-mRNA splicing andspliceosome assembly --- HeLa S3 cells were grown

in suspension culture by the National Cell Culture Center (Minneapolis, MN). Nuclear

extract (NE) was prepared in buffer D (20 mM Hepes-KOH, pH 7.9, 20% glycerol, 0.1 M

KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM

dithiothreitol (DTT)), as described by Dignam et al. (16). NEs were frozen as aliquots in

a liquid nitrogen bath and stored at -80°C. Protein concentrations were determined by the

Bradford assay (17). In this study the protein concentration ofNE was ~6 mg/ml.

NaCl was added to NE in Dignam buffer D to 0.5 M and set on ice for 20 minutes.

Samples of this NE were dialyzed against 60% Dignam buffer D in the presence or

absence of the appropriate amounts of antibodies: anti-Mac-2, NCL-GAL3, or anti-Sm.

Similarly, recombinant Ga13 (8), glutathione S-transferase (GST) or GST-hGal3(1-100)

was added to the NE at this step to test the effect of the recombinant or GST-fusion

proteins on the splicing reaction. Dialysis was carried out for 70 minutes at 4°C in a

microdialyzer with a 6-8 kD cutoff dialysis membrane (8). Splicing reaction mixtures, in

a total volume of 12 pl, contained dialyzed NE sample (10 pl), [32P]MINX pre-mRNA

(18), 2.5 mM MgC12, 1.5 mM ATP, 20 mM creatine phosphate, 0.5 mM DTT, and 20 U

RNasin (Promega). Splicing reactions were incubated at 30°C for 45-60 minutes. The

assay was stopped by addition of proteinase K and SDS to final concentrations of 4

mg/ml and 0.1%, respectively. The samples were incubated at 37°C for 20 minutes,

diluted to 100 pl with 125 mM Tris pH 8, 1 mM EDTA, and 0.3 M sodium acetate. RNA

was extracted with 200 pl of phenol/chloroform (50:50 v/v) followed by 200 pl of
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chloroform. The RNAs were precipitated with 600 pl of ethanol at -80°C. The extracted

RNAs were subjected to electrophoresis through 13% polyacrylamide (acrylamide:

bisacrylamide 50:1.9 (w/w))-8.3 M urea gels. The radioactive RNA bands were

visualized by autoradiography. Quantitation of product formation was canied out by

exposing the gel to a Storage Phosphor Screen (Amersham Biosciences), scanning on a

Storm 860 scanner (Molecular Dynamics), and using the program Image Quant

(Molecular Dynamics) to determine the percentage of radioactivity in specific bands in

each lane.

The assembly of spliceosomes was monitored by gel mobility shift assay for complex

formation (18, 19). Non-denaturing 4% polyacrylamide gels (acrylamidezbisacrylamide

80:1 (w/w)), 50 mM Tris pH 8.8, 50 mM glycine, 10 mM EDTA pH 8.0) were pre-run

at 150V for 30 minutes at 4°C. Heparin (1 pl at 10 mg/ml) was added to the splicing

reaction, incubated for 15 minutes at 30°C, and set on ice for 5 minutes. Then, 1.3 pl of

10X loading dye (97% glycerol, 1% bromophenol blue, 1% xylene cyanol) was added.

Half of each sample was loaded and electrophoresed at 150V for 90 minutes at 4°C. The

gel was overlaid on gel blot paper (Schleicher and Schuell), dried, analyzed by

autoradiography, and quantitated using the phosphor imaging screen, scanner and

quantitation program as described above.

The effect of peptides on the splicing reaction and on spliceosome assembly was

tested in a similar fashion, with the following modifications. Purified peptides were

added directly to NE in a final 10 pl volume of 60% Dignam buffer D. Splicing was

carried out as above in a total volume of 12 pl and incubated at 30°C for 0-45 minutes.

Splicing reactions were processed as above for RNA analysis. For complex formation
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experiments, duplicate samples of the splicing reactions were removed at 0-15 minute

time points and snap frozen. Upon thawing, 1 pl of heparin (10 mg/ml) was added to

each sample. The samples were incubated at 30°C for 15 minutes, and on ice for 5

minutes prior to running on the non-denaturing gels.

Conatruction of fusionproteins containing GST and Ga13 --- A 5’ BamHI restriction site

was introduced into the 750 bp human Ga13 cDNA (20) using the 5’ primer

(ATATATAGGATCCAAATGGCAGACAATTI‘TTCGCTC). The 3’ primer

(TAATAAGCGGCCGCACTAGTGATT) includes the 3’ NotI restriction endonuclease

site. PCR products were purified, digested with BamHI and Natl, ligated into the vector

pGEX 5X-2, and transformed into E. cali DHSa cells via electroporation. The harvested

plasmid derived from an ampicillin-selected colony was then sequenced using a primer

(GGGCTGGCAAGCCACGTITGGTG) complementary to a site just upstream ofthe

multiple cloning region. This confirmed that the human Ga13 insert is present in the

correct orientation and reading frame. This plasmid, pGEX-hgal3, expresses the full-

length fusion protein, GST-hGal3(1-250) (see Figure 2).

Fusion proteins containing GST followed by portions of the human Ga13 sequence

(Figure 2) were generated by site-directed mutagenesis. Complementary oligonucleotide

primer sets with mutations that convert a pair of sense codons into a pair of stop codons

at the desired location were designed for each desired mutant: (a) GST-hGal3(1-100) ---

5’-CCAAGTGCCCCCGGAGCCTAATAGGCCACTGGCCCCTA-TGG-3’ and 3’-

CCATAGGGGCCAGTGGCCTATTAGGCTCCGGGGGCACTTGG-5’; (b) GST-

hGal3(1-25) --- 5’-GGATGGCCTGGCGCATGATAGAACCGGTCTGC-

TGGGGCAGGGGG-3’ and 3’- CCCCCTGCCCCAGCAGACCGGTTCTATCATG-
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CGCCAGGCCATCC-S’. (Note that the primers code for a mutation that introduces an

AgeI restriction endonuclease site downstream of the stop codons.) (c) GST-hGal3(1-14)

--- 5’- GCGTTATCTGGGTCTTGATAAGCTTACCCTCAAGGATGGCCTGGC-3’ and

3 ’ - GCCAGGCCATCCTTGAGGGTAAGCTTATCAAGACCCAGATAACGC-3 ’.

(Note that these primers also code for a new HindIII restriction endonuclease site

downstream of the stop codons.) Following thermocycling with pGEX-hgal3, the

template DNA was cleaved by incubation with the Dam methylation dependent

endonuclease DpnI. The reaction mix was then used to transform DHSa cells via

electroporation. Colonies expressing the proper mutation were screened based on new

restriction endonuclease sites introduced during the site directed mutagenisis (Agel and

HindIII respectively). Colonies expressing the proper mutation were further screened by

western blotting of transformed bacterial lysates with mouse monoclonal antibody NCL-

GAL3, rat monoclonal antibody anti-Mac-2, and rabbit polyclonal antibody against GST.

The plasmid DNA for each was sequenced to confirm the mutations.

Constructs expressing the fusion proteins GST-hGal3(1-47) and GST-hGal3(46-250)

were generated using the XmaI restriction endonuclease sites coded by the DNA base

pairs of amino acid residues 48 and 45, respectively. GST-hGal3(1-47) was created by

excising a portion of the Ga13 DNA insert in pGEX-hgal3 using the 5’ BamHI and

internal Ga13 Xmal restriction sites and ligating into pGEX 5X-2 that had been digested

with BamHI and XmaI.. Similarly, GST-hGal3(46-250) was created by excising a

portion ofthe Ga13 DNA insert in pGEX-hgal3 using the internal Ga13 XmaI and 3’ Notl

restriction sites and ligating into pGEX 5X-2 that had been digested with Xmal and Notl.

These ligation reactions were used to transform DHSa bacteria by electroportation.
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Colonies were screened based on the size of the insert excised by double digestion of

sites remaining on the pGEX multiple cloning region, BamHI and XhoI for the 1-47

construct and EcoRI and NotI for the 46-250 construct. The plasmid DNA from each

was sequenced using the same primer as pGEX-hgal3 to confirm the mutations.

Protein expression and purification --- GST fusion proteins were expressed in 500 ml

cultures of E. cali BL-21 codon plus (DE3) cells (Stratagene) by induction with 100 pM

isopropyl-B-D-galactopyranoside (IPTG) for 2-3 hours at 30°C. Cells were pelleted and

stored at -70°C. Thawed bacterial pellets were resuspended (one-twentieth of the culture

volume) in phosphate buffered saline (PBS) containing protease inhibitiors (4 pg/ml

aprotinin, 5 pg/ml leupeptin, 0.2 pg/ml pepstatin A, and 1 mM Pefabloc (Roche)) and

sonicated using a microtip probe. Triton X-100 was added to a final concentration of 1%

for lysates that would be purified using glutathione beads or to 0.1% for lysates that -

would be purified using lactose beads. After rocking for 1 hour at 4°C, cell debris was

removed by centrifugation at 12,000 x g for 10 minutes at 4°C. The supernatant was

aliquotted, snap-frozen, and stored at -70°C.

GST-hGal3(1-250) and GST-hGal3(46-250) were purified by lactose affinity

chromatography. All procedures were carried out at 4°C. Frozen stock lysate (5 ml)

was thawed and diluted with 90 ml of binding-wash buffer (PBS containing 1 mM DTT

and 0.5 mM PMSF) and rotated overnight with 5 ml of lactose-agarose beads (Sigma),

The slurry was poured into a poly-prep chromatography column (Bio-Rad) and allowed

to flow through. The column was washed with 10 column volumes of binding-wash

buffer. The bound protein was eluted with 15 ml of elution buffer (PBS, 0.4 M lactose, 1

mM DTT, 0.5 mM PMSF). In this procedure, the elution buffer was first allowed to flow
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into the column (approximately 5 ml), the column was stopped for 1 hour and then 15 x 1

ml fractions were collected. Samples from each fraction were electrophoresed on 12.5%

SDS—PAGE, silver stained and screened by western blotting with NCL-GAL3, anti-Mac-

2, and anti-GST. Fractions were selected for highest quantity and purity, pooled, and

concentrated using a Centricon-IO filter unit (Amicon) allowing buffer exchange and

removal of lactose. The amount of protein in each concentrated preparation was

quantitated using the Bradford assay (17). Silver staining of the SDS-PAGE, compared

to known amounts of standards, provided confirmation of this quantitation.

Because GST and the other fusion proteins lacked the CRD of Ga13 (see Figure 2),

they were purified by glutathione affinity chromatography. All procedures were carried

out at 4° C. Frozen stock lysate (5 ml) was thawed, diluted with 45 ml of binding buffer

(PBS, 0.1% TritonX-IOO, 1 mM DTT, 0.5 mM PMSF) along with 1 ml of glutathione

beads (Pierce) and rotated for 2 hours. The beads were then pelleted by centrifugation at

2,000 x g for 3 minutes. Supernatant was removed and the beads were washed 3 times

with 50 ml binding buffer. After removal of the last wash, the beads were washed with

50 ml of wash buffer (PBS, 1 mM DTT, 0.5 mM PMSF). The beads were then

resuspended in 10 ml of wash buffer and loaded into a chromatography column. The

column was washed with another 10 ml ofwash buffer. Purified proteins were eluted

with 10 ml of elution buffer (PBS, 10 mM glutathione, 0.5 mM PMSF), by allowing 1 ml

of elution buffer to flow into the column and stopping the column for 15 minutes.

Fractions (0.5 ml) were collected and analyzed as above. Selected fractions were pooled,

dialyzed, and quantitated.
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SDS gel electrophoresis, silver staining, and western blotting --- Purified proteins or NE

were electrophoresed on 12.5% acrylamide gels in the presence of sodium dodecyl

sulfate (SDS-PAGE), as described by Laemmli (21). Proteins were visualized by silver

staining as described by Merril et. al. (22). Some gels were electrophoretically

transferred onto Hybond Nitrocellulose paper (Amersham Biosciences) in the presence of

buffer containing 25 mM Tris, 193 mM glycine, and 10% methanol, pH 8.3. Following

transfer, membranes were incubated overnight in 10% nonfat dry milk in Tween tris

buffered saline (T-TBS; 10 mM Tris, 0.5 M NaCl, 0.05% Tween 20, pH 7.5). Antibodies

were diluted in 1% nonfat dry milk T-TBS and incubated with membranes for 1 hr at

room temperature. This incubation was followed by four 15 minute washes in T-TBS.

Membranes blotted with rabbit primary antibodies were pre-blocked with unconjugated

goat anti-rabbit antibody (Sigma) at 1:2000 dilution. The membranes were then

incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour

and then washed four times for 15 minutes. The proteins were visualized by use of the

Western Lightning Chemiluminescence System (Perkin Elmer Life Sciences).

NCL-GAL3 was used at a dilution of 1:3000. Anti-GST antibodies were affinity

purified from serum of rabbits immunized with GST constructs and used at a dilution of

1:6000. Anti-Mac-Z antibody was used at 1:1000 dilution. Goat anti-mouse HRP (Bio-

Rad), goat anti-rat HRP (Roche), and goat anti-rabbit HRP (Bio-Rad), were each used at

a dilution of 1 : 10,000. Peptide inhibition experiments were carried out by incubating the

appropriate amounts of antibody and peptide in 0.5 ml PBS at 4°C overnight, followed by

appropriate dilution with 1% milk T-TBS and incubation with membrane as described

above.
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RESULTS

Different effects of two monoclonal antibodies directed against Ga13 on pre-mRNA

mg

Using human Ga13 as the immunogen, a murine hybridama, designated as NCL-

GAL3, was derived that secretes a monoclonal antibody against the protein. Anti-Mac-2

is a rat monoclonal antibody originally derived through immunization with mouse

macrophages expressing Ga13 (14). The effects of these two monoclonal antibodies were

tested on splicing competent NE derived from HeLa cells. In this system, human

autoimmune serum reactive against the Sm epitopes of snRNPs (anti-Sm) served as the

positive control. Anti-Sm inhibited the conversion of the pre-mRNA substrate into the

mRNA product (Figure 1, lane 8 in both panels A and B). Tested under the same

conditions, the NCL-GAL3 monoclonal antibody also inhibited splicing in a dose-

dependent fashion (Figure 1, panel A). Partial inhibition was observed at a concentration

as low as ~9 pg/ml (~60 nM) (Figure 1, panel A, lane 2) and complete inhibition was

achieved at a concentration of ~20 pg/ml (~14O nM) (Figure 1, panel A, lane 5). In

contrast, the anti-Mac-2 monoclonal did not inhibit splicing over the same concentration

range of 9 — 23 pg/ml (Figure 1, panel B, lanes 2-7). Both products of the splicing

reaction, ligated exons and free intron, were observed at all concentrations tested.

In previous studies (23), we had documented that NCL-GAL3 recognizes a single

polypeptide, corresponding to human 0313, in extracts of HeLa cells (also see below,

Figure 3, panel C, lane 1). We had also shown that addition of recombinant Ga13 alone to

a splicing competent NE had no effect on the splicing reaction (24). On the other hand,

the inhibitory effect ofNCL-GAL3 on splicing can be overcome by prior incubation with
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Figure l. The effect of antibody addition on the splicing of pre-mRNA and on

spliceosome assembly.

Panel A: Effect ofNCL-GAL3 on the splicing reaction; Panel B: Effect of

anti-Mac2 on the splicing reaction. In both panels, the splicing activity ofNE

(no additions) is shown in lane 1; the effect of anti-Sm antibodies (1:23

dilution ofhuman autoimmune serum) is shown in lane 8. In both panels, the

concentrations of the Ga13-specific antibody tested were: lane2, ~8 pg/ml;

lane 3, ~10 pg/ml; lane 4, ~17 pg/ml; lane 5, ~21 pg/ml; lane 6, ~23 pg/ml;

and lane 7, ~24 pg/ml. The cell-free splicing assay was carried out using 32P-

labeled MINX pre-mRNA substrate. Products of the splicing reaction were

analyzed by electrophoresis through a 13% polyacrylamide-urea gel system,

followed by autoradiography. The positions of migration of the pre-mRNA

substrate, the splicing intermediates (exon 1 and lariat-exon 2), and the

products (mature RNA and lariat intron) are indicated between the two panels.

Panel C: Time course of spliceosome assembly in the presence oftwo

different concentrations ofNCL-GAL3. Panel D: Time course of spliceosome

assembly in the absence and presence of anti-Mac-2. In both panels, splicing

reaction mixtures containing 2P-labeled MINX pre-mRNA were sampled at

various times indicated and were anaylzed by electrophoresis through non-

denaturing gel system, followed by autoradiography. The regions of

migration of early complexes (H- and E-complexes) and active spliceosomes

(A- and B-complexes) are indicated between the two panels.
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recombinant Ga13 (data not shown). These results suggest that the effect ofNCL-GAL3

on splicing was due to specific recognition of its antigen.

At various early time points, aliquots of the splicing reaction mixture were analyzed

by non-denaturing gel electrophoresis to assess progress in spliceosome assembly. In the

absence of antibody addition, the radiolabeled pre-mRNA initially found in the region

labeled as the H-complex (t=0) is converted to the A and B active spliceosomal

complexes within five minutes (Figure 1, panel D). Further incubation results in the

formation of more active complexes at the expense of the H-complex. Essentially

identical results were observed in splicing reactions carried out in the presence of anti-

Mac-2 (Figure 1, panel D). It should be noted that the native gel system used in the

present study does not resolve H- and E-complexes (25) so our use of the term H-

complex is meant only to indicate a region ofthe gel rather than a distinction between the

two early complexes of the spliceosome assembly pathway.

At a concentration of ~24 pg/ml, the NCL-GAL3 antibody inhibited the splicing

reaction (Figure 1, panel A, lane 7). This is paralleled by an almost complete arrest of the

progression of the H-complex to the higher order A- and B-complexes (Figure 1, panel

C). At a concentration of~10 pg/ml, NCL-GAL3 only partially inhibited spliceosome

assembly (Figure 1, panel C) and the splicing reaction (Figure 1, panel A, lane 3).

These results raise the possibility that the epitope ofthe anti-Mac-2 antibody is buried

in interactions with components of the splicing machinery and those Ga13 molecules

assembled into the splicing complexes are inaccessible to this monoclonal antibody. In

contrast, the epitope of the NCL-GAL3 antibody is available and the binding of the

monoclonal antibody either inhibited the splicing reaction or precipitated those Ga13-
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containing spliceosomes out of the reaction mixture. For this reason, it was of interest to

map the epitope of the two monoclonal antibodies on the Ga13 polypeptide.

Epitope mapping for the Mac-2 and NCL-GAL3 monoclogl antibodies

The cDNA for human Ga13 was cloned into the pGEX 5X-2 vector and full-length

Ga13 was expressed as a fusion protein with GST, designated as GST-hGal3 (1-250). In

addition, site-directed mutagenesis was carried out to introduce translation termination

codons at various positions so that the expressed fusion protein was truncated at specific

residues of the Ga13 polypeptide chain (see Figure 2). Finally, a construct was also

engineered to express the GST fusion protein in which the NH2-terminal 45 amino acids

of Ga13 are missing (GST-hGal3 (46-250)). The GST-fusion proteins were purified by

glutathione-affinity or lactose-affinity chromatography and subjected to SDS-PAGE

analysis. Silver staining provided documentation on the purity of each of the fusion

protein preparations (Figure 3, panel A). Each of the fusion proteins was also detectable

by immunoblotting with polyclonal rabbit anti-GST (Figure 3, panel B). Both of these

techniques also ascertained that the molecular weight of the predominant polypeptide was

in agreement with the expected size of the fusion protein (Figure 3, panel A).

When the various GST-fusion proteins were subjected to immunoblotting with NCL-

GAL3, a positive reaction was observed with each except GST-hGal3 (46-250) (Figure 3,

panel C). GST itself also failed to react with NCL-GAL3 (Figure 3, panel C, lane 6).

These results suggest that the epitope ofNCL-GAL3 lies in the first 14 residues of the

galectin-3 polypeptide. This notion is consistent with the observation that a Ga13 S6A

mutant (serine to alanine mutation at residue 6) resulted in the loss of reactivity with the

NCL-GAL3 monoclonal antibody (data not shown).
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Figure 2. Fusion proteins containing glutathione S-transferase and galectin-3

sequences of varying lengths.

Human galectin-3 cDNA (hGal3) was engineered into the pGEX 5X-2 vector

bearing the Schistasamajapancium glutathione S-tranferase (GST) sequence.

The numbers along the left-hand side indicate lane assignments in panels A-D

of Figure 3. The names of each construct are listed beside the lane

assignments. Numbers in parentheses indicate the galectin-3 amino acids

included in each construct. N denotes the amino terminus; C denotes the

carboxyl terminus. The rectangles represent the GST protein, and bars

indicate the portions of galectin-3 included in the fusion protein (with amino

acid residues listed above each bar). The approximate molecular weights of

each construct are listed at the right. Each construct was expressed and the

fusion protein was purified, subjected to SDS-PAGE, and analyzed as

documented in Figure 3.
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Figure 3. SDS-PAGE, silver staining, and western blotting analysis of the GST-

hGal3 fusion proteins.

Each of the constructs listed in Figure 2 was expressed and the fusion protein

was purified, subjected to SDS-PAGE, and analyzed by silver staining (panel

A) and by immunoblotting with anti-GST antibodies (panel B), with mouse

monoclonal NCL-GAL3 (panel C), and with rat monoclonal anti-Mac-2

(panel D). Approximately 35 ng of each purified fusion protein was

electrophoresed. The numbers on the left indicate the positions of migration

of molecular weight markers.
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When the various GST-fusion proteins were subjected to immunoblotting with anti-

Mac-2, the antibody reacted with GST-hGal3 (1-250), GST-hGal3 (1-100), and GST-

hGa13 (46-250) (Figure 3, panel D, lanes 1, 2, and 7). In contrast, the fusion proteins

missing residues 48-100 of the Ga13 polypeptide all failed to react (Figure 3, panel D,

lanes 3-5). These results suggest that the epitope of anti-Mac-2 lies between residues 48

and 100.

Sp_ecific peptide inhibition of immunoblotting by monoclonal antibodies

The region of the Ga13 polypeptide bearing the anti-Mac2 epitope (between residues

48 and 100) contains multiple repeats of a 9-residue motif, with a consensus sequence

PGAYPGXXX (10-13). For example, residues 41-67 of the murine Ga13 sequence

contain three perfect tandem repeats of PGAYPGQAP. On this basis, three peptides

were synthesized containing three iterations (27-mer), two iterations (1 8-mer), and a

single iteration (9-mer) of this sequence and were tested for their ability to block

immunoblotting of recombinant GST-hGal3(l -250) (M, ~55 kD) by the anti-Mac-2

antibody.

Over a concentration range of 2.5-250 nM (about 1.3- to 130-fold excess over

antibody), the 18-mer peptide inhibited the reaction between anti-Mac-2 and Ga13 in a

concentration dependent fashion (Figure 4, panel A, compare lanes 2-4 vesus lane 1).

Similar results were obtained with the 27-mer (data not shown). In contrast, the 9-mer

showed no effect at the corresponding molar concentrations (Figure 4, panel A, lanes 5-

7). Neither the 9-mer nor the 18-mer affected the immunoblotting by the NCL-GAL3

monoclonal antibody (Figure 4, panel B). These results suggest that the epitope of the

anti-Mac-2 antibody: (a) requires two iterations of the PGAYPGQAP sequence; or (b)
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Figure 4. Peptide inhibition of immunoblotting of galectin-3 by two monoclonal

antibodies directed against galectin-3.

Equal amounts of purified recombinant GST-human galectin-3 (panels A and

B) or HeLa cell nuclear extract (panels C and D) were subjected to SDS-

PAGE. The antibodies used for immunoblotting are listed on the left. The

triangle above each panel signifies increasing concentrations of peptide tested

as inhibitors of blotting by an antibody. 18-mer,

PGAYPGQAPPGAYPGQAP; 9-mer, PGAYPGQAP. 14-mer,

MADNFSLHDALSGS; mt l4-mer, MADNFALHDALSGS.
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overlaps the end of one repeat with the beginning of the second one (e.g.

4°PGQAPPGAY54). In light of our observation that GST-hGal3 (46-250), which contains

such a sequence, reacted positively with anti-Mac-2 (Figure 3, panel D, lane 7), we favor

the latter hypothesis.

Similarly, a peptide corresponding to the sequence of the first 14 residues of human

Ga13, MADNFSLHDALSGS, was also synthesized. This peptide, designated l4-mer,

was tested for the ability to inhibit blotting of endogenous Ga13 (M, ~30 kD) present in

NE of HeLa cells by the NCL-GAL3 antibody. Over a concentration range of 0.07-7 nM

(3-300-fold excess over antibody), the l4-mer peptide inhibited the immunoblotting by

NCL-GAL3 (Figure 4, panel C, compare lanes 2-4 versus lane 1). In contrast, the l4-mer

peptide containing a serine to alanine substitution at position 6 (mt l4-mer) failed to

inhibit immunoblotting by NCL-GAL3 over an identical concentration range (Figure 4,

panel C, lanes 5-7). These findings support the conclusion that the NCL-GAL3 epitope

lies within the first 14 amino acids of Ga13 and also indicate that serine 6 constitutes an

important determinant in the epitope. The 14-mer peptide did not inhibit blotting by the

anti-Mac-2 antibody (Figure 4, panel D, lanes 2-4): (a) indicating that it does not inhibit

antibody-antigen interactions nonspecifically, and (b) lending additional support to the

conclusion that the anti-Mac-2 epitope lies outside of the first 14 amino acids of Ga13.

Effect of addition ofPGAYPGQAP peptides on the in vitro splicing reaction

We had rationalized the failure of the anti-Mac-2 monoclonal antibody to inhibit

splicing (Figure 1) on the basis that its epitope is buried in protein-protein interactions of

the spliceosome. Thus, we wanted to test whether peptides bearing its epitope, the

PGAYPGQAP repeating motif, can perturb the splicing reaction. Control NE exhibited
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good splicing activity, converting ~35% ofthe pre-mRNA substrate into the mature RNA

product (Figure 5, panel A, lane 5 and panel B). Addition of the 27-mer synthetic peptide

containing the PGAYPGQAP motif inhibited the splicing reaction. At a concentrations

of 300 pM and 600 pM, product formation was reduced to ~15% and <5%, respectively

(Figure 5, panel A, lanes 2 and 3 and panel B). There were also lower levels of the

intermediates of the splicing reaction (free exon 1 and lariat-exon 2) as well as the lariat

intron. Complete inhibition was observed at 1 mM; there were barely detectable levels of

products and splicing intermediates and substantially higher levels of the starting

substrate (Figure 5, panel A, lane 4 and panel B).

In contrast, parallel addition of the 9-mer (Figure 5, panel A, lanes 10-13) and the 18-

mer (Figure 5, panel A, lanes 6-9) synthetic peptides did not yield the same result over

the identical concentration range. A slight decrease in the percentage product formed

was observed (Figure 5, panel B) but bands corresponding to the products and

intermediates were clearly found for all concentrations tested (Figure 5, panel A). These

results suggest that multiple repeats (more than two) are necessary to perturb the

endogenous Ga13 interaction with components of the splicing reaction.

Consistent with this notion, GST-hGal3 (1-100), which contains seven repeats of the

PGAYPG motif (some repeats are imperfect such as PGVYPGPPSG), inhibited the

splicing reaction (Figure 6, panel A, lanes 2-4 and panel B). On the other hand, GST

alone did not inhibit splicing over the same concentration range (Figure 6, panel A, lanes

5-7 and panel B). In fact, a comparison ofthe dose-response indicated that the

concentration required to achieve full inhibition was observed at a much lower

concentration of GST-hGal3 (1 -100) (Figure 6, panel B) than the 27-mer synthetic
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Figure 5. Comparison of the effect of addition of synthetic peptides containing the

PGAYPGQAP motif an the splicing activity of nuclear extract. 27-mer,

18-mer, and 9-mer contain three iterations, two iterations, and a single

iteration of the 9-residue motif PGAYPGQAP, respectively. Panel A:

autoradiograrn of the splicing assay. The peptides were tested at

concentrations of 100, 300, 600 and 1000 pM. All reactions contained 32P-

labeled MINX pro-mRNA substrate (5000 cpm.) and products of the splicing

reaction were analyzed by electrophoresis through a 13% polyacrylamide-urea

gel, followed by autoradiography. The positions of migration of pre-mRNA

substrate, splicing intermediates (exon 1 and lariat-exon 2) and RNA products

(lariat intron and ligated exon l-exon 2) are highlighted on the right. Panel B:

Dose-response curve of the effects of peptides on product formation, derived

from the experiment shown in panel A.
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Figure 6. Comparison of the effect of GST-hGaB (1-100) and GST on pre-mRNA

splicing.

Panel A: autoradiogram of the splicing assay. The proteins were tested at

concentrations of 10, 100, and 200 pM. All reactions contained 32P-labeled

MINX pre-mRNA substrate (5000 cpm.) and products of the splicing

reaction were analyzed by electrophoresis through a 13% polyacrylamide-urea

gel, followed by autoradiography. The positions of migration ofpro-mRNA

substrate, splicing intermediates, and RNA products are highlighted on the

right. Panel B: Dose-response curve of the effects of the proteins on product

formation, derived from the experiment shown in panel A.
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peptide (Figure 5, panel B). Together, the results provide confirmation of the dominant

negative effect and suggest that the PGAYPGXXX motif contributes to the interaction of

the Ga13 polypeptide with the splicing machinery.

Effect of the 27-mer on the kinetics of spliceosomal assembly and product formation

When the splicing reaction was carried out with the control NE, the products of the

first cleavage reaction, free exon 1 and lariat-exon 2, were observed after 10 minutes

(Figure 7, panel A). Product bands (ligated exon l-exon 2 and intron) increased

monotonically as a function of time, becoming prominent after 20 minutes. Each of these

bands accounted for 15-20% of the total radioactivity of a splicing reaction at 30 minutes

(Figure 7, panels B and C). In the presence ofthe 27-mer peptide inhibitor (600 pM),

however, neither intermediates nor products could be observed at 15 minutes (Figure 7,

panel A). The intermediates (free exon 1 and lariat-exon 2) appeared to accumulate at

20-30 minutes, but product formation remained less than 3% over the time course (Figure

7, panels B and C).

In the same manner, we monitored the kinetics with which early complexes (H- and E-

complexes) are chased into the active spliceosomal A-, B-, and C-complexes (Figure 8,

panel A). Both in the absence and presence of the 27-mer peptide inhibitor, the H-

complex disappeared with the same kinetics (Figure 8, panels A and B). However, while

~50% of the radioactive pre-mRNA in the reaction without the inhibitor has progressed

into B-complexes within the first 5 minutes (Figure 8, panel D), ~50% of the pre-mRNA

in the reaction containing the peptide inhibitor is still in the A-complex at the same time

point (Figure 8, panel C). Therefore, the peptide appears to slow the progression into the

B-complex, resulting in an accumulation of the A-complex at 5 minutes and a persistently
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Figure 7. The effect of the 27-mer peptide on the kinetics of the splicing reaction.

Panel A: autoradiogram of the splicing assay. The 27-mer was tested at a

concentration of 600 pM. All reactions contained 32P-labeled MINX pre-

mRNA substrate (5000 cpm.) and productrs of the splicing reaction were

analyzed by electrophoresis in polyacrylamide-urea gels, follwed by

autoradiography. Panel B: Quantitation of the data shown in panel A, using

one product, the ligated exons, as a measure of the reaction. Panel C:

Quantitation of the data shown in panel A, using the other product, the excised

lariat, as a measure of the reaction.
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Figure 8. The effect of the 27-mer peptide an the kinetics of spliceosome assembly.

Panel A: autoradiogram of the non-denaturing gel. The 27-mer was tested at a

concentration of 600 pM. All reactions contained 32P-labeled MINX pre-

mRNA substrate (5000 cpm.) and were analyzed in non-denaturing

polyacrylamide gels, followed by autoradiography. The positions of

migration of the H-, A-, B-, and C-spliceosomal complexes are highlighted on

the right. Panel B-E: Quantitation of the data shown in panel A, for H-, A-, B,

and C-complexes, respectively.

166  



%
H
C
o
m
p
l
e
x
o
f
T
o
t
a
l
R
N
A

%
A
C
o
m
p
l
e
x
o
f
T
o
t
a
l
R
N
A

Figure 8

NE NE+27mer

 

o‘ “5 10 1515 1a   
Time (min)

  

o
8
8
8
8
8
8
5
‘

    

 

%
B
C
o
m
p
l
e
x
o
f
T
o
t
a
l
R
N
A

  

  

   
5 1o 15

Time (min)

 

20 201o 15

Time (min)

167



higher amount of the A-complex compared to controls (Figure 8, panel C). Thus, a

steady increase in the active C-complex in the reaction without the inhibitor precedes the

first signs of an active C-complex in the reaction containing the peptide (Figure 8, panel

B). This is consistent with the observation that, in the presence ofthe peptide, there is not

even a hint of the products of the first cleavage reaction until 20 minutes have elapsed

(Figure 7, panel A).
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DISCUSSION

The key findings of the present study include: (a) The epitope of the NCL-GAL3

monoclonal antibody resides in the first 14 residues of the Ga13 polypeptide. (b) The

epitope of the anti- Mac-2 monoclonal antibody maps to residue 48-67 of the Ga13

polypeptide, corresponding to one or two repeats of the motif PGAYPGQAP; (c) addition

ofNCL-GAL3 to a splicing competent NE inhibits the in vitro splicing reaction whereas

parallel addition of anti-Mac-2 fails to yield the same effect; and (d) addition of the 27-

mer synthetic peptide, bearing three iterations ofPGAYPGQAP, to NE inhibits the

splicing reaction.

Inhibition of in vitro splicing has been demonstrated with other antibodies and

synthetic peptides to implicate the involvement of specific proteins in spliceosome

assembly and the splicing reaction. For example, Yuryev et al. (26) monitored the effect

on splicing by a monoclonal antibody directed against the carboxyl-terminal domain of

the large subunit of RNA polymerase II. At an antibody concentration of~33 pM, there

was a concomitant loss of the products, as well as intermediates, of the splicing reaction.

In the same study, Yuryev et al. also used a peptide consisting of eight consensus repeats

in the carboxyl-terminal domain ofRNA polymerase 11 large subunit to inhibit splicing.

Partial inhibition was observed at a peptide concentration as low as ~20 pM and complete

inhibition at ~40 uM.

Four peptides that inhibit Cay-dependent calmodulin kinase II were shown to block

spliceosome assembly and pre-mRNA splicing in vitro (27). One of the peptides

(designated GS) was derived from the sequence of glycogen synthase and competitively

inhibited the kinase from binding its substrate. This GS peptide inhibited splicing at a
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concentration of ~300 pM. More interestingly, Parker and Steitz (27) observed splicing

products afier prolonged incubation. This delay (hours) in appearance of splicing

products is consistent with the observation of stalled spliceosome assembly at the B-

complex stage. These results are similar to our own observations with the 27-mer

peptide, in which there is a delay in the appearance of intermediates and products, as well

as in slowing the rates of A- to B-complex progression.

Several lines of evidence have now been accumulated to indicate that the interaction

of Ga13 with components of the splicing machinery is mediated, at least in part, by the

ND ofthe polypeptide. First, although a CRD (Gall alone or the COOH-terminal

domain of Ga13) is sufficient to restore splicing activity to a galectin-depleted NB, the

minimum concentrations required for reconstitution are four to eight times higher than

that of the intact (full-length) Ga13 polypeptide (8). It was hypothesized that the Ga13

ND, containing the proline- and glycine-rich repeats, plays a role in protein-protein

interactions, providing the basis for enhanced interactions with the splicing machinery.

Second, that such protein-protein interactions occur between the ND and the spliceosome

was suggested by the inhibition of splicing observed when the activity ofNE is assayed

in the presence of exogenously added ND. This could be demonstrated using the

corresponding ND sequences of either human (GST-hGal3(l-100)) or murine Ga13 (24).

Thus, the ND appears to exert its dominant negative effect by competing for the

spliceosomal component with which Ga13 is associated. Alternatively, the ND can

interact with Ga13, resulting in a conformational change that precludes the Ga13 molecule

from association with the spliceosome. ND interaction with itself (28-3 1) or with the

CRD (31) has been implicated by electron microscopic imaging, by nuclear magnetic
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resonance, by cross-linking, and by analysis of positive cooperativity in the binding of

Ga13 to multivalent ligands. Finally, we have now shown that inhibition of splicing can

also be obtained using synthetic peptides bearing the predominant structural motif of the

ND, the PGAYPGXXX repeats. In particular, the most potent inhibition was observed

with the 27-mer peptide which contains three such repeats while the 9-mer did not show

any inhibition.

The differential effects of the monoclonal antibodies NCL-GAL3 and anti-Mac-2 on

the splicing reaction are interpreted in this context. The epitope of anti-Mac-2 resides in

the PGAYPGXXX repeats of the ND. Therefore, its failure to inhibit the cell-free

splicing reaction is consistent with the notion that this region is buried in interactions

with the splicing machinery and is inaccessible to the antibody. On the other hand, it

appears that the NH2-terminus of the Ga13 polypeptide, even when associated with the

spliceosome, remains accessible to the NCL-GAL3 antibody, which inhibits the splicing

reaction.

A key consideration in the interpretation of the antibody effects is the assignment of

the epitope location. Gong et a1. (32) reported that deletion of the NH2-terminal 11

amino acids ofhuman Ga13 resulted in loss of immunoblotting by the anti-Mac—Z

antibody. It was concluded that the antigenic recognition site of anti-Mac-2 is at the

amino terminus. This is clearly inconsistent with the results of our mapping studies,

which showed that the anti-Mac-2 antibody immunoblotted GST fusion proteins

containing residues 465100 of the Ga13 polypeptide but failed to immunoblot GST-hGal3

(1-14), GST-hGal3 (1-26), GST-hGal3 (1-47), all of which contained the NH2-terminal

11 residues. Moreover, the 18-mer and 27-mer peptides bearing at least two iterations of
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the PGAYPGQAP motif between residues 46-100 inhibited the immunoblotting of the

anti-Mac-2 antibody without any effect on the immunoblotting of the NCL-GAL3

antibody. Finally, the l4—mer peptide containing the NH2-terminus ofhuman Ga13 failed

to inhibit the immunoblotting observed with anti-Mac-Z.

The original source of our anti-Mac-Z antibody was clone M3/38.1.2.8.HL.2 from

ATCC TIB 166, identical to that reported in reference (32). Because of this apparent

discrepancy with the results and conclusions of Gong et al. (32), we obtained an

independent source of the anti-Mac-2 antibody from a commercial source (Acris

Antibodies GmbH, Hiddenhausen, Germany). Using our GST fusion protein reagents,

we found that the epitope of this preparation of the anti-Mac-2 antibody also mapped to

residues 48-66, rather than the NH2-terminal 11 residues of the Ga13 polypeptide. On this

basis, we do not understand the discrepancy between our results and conclusions and

those of Gong et al. (32).

Several intracellular binding partners of Ga13 have been identified: (a) Bel-2 (33); (b)

synexin (34); (c) Chrp (3 5); (d) cytokeratin (36); (e) Gemin4 (24); (f) Sufu (37); (g) TTF-

] (thyroid-specific transcription factor) (38); (h) B-catenin (39); and (i) the general

transcription factor II-I (40). Where there is available evidence, only the COOH—terminal

CRD of Ga13 has been implicated in these interactions. To the best of our knowledge,

there has been no report of an interaction involving the ND with an identified partner. In

this regard, it may be interesting to note that differential scanning calorimetry studies

suggest that the ND of Ga13 has a very low melting temperature (~39°C), compared to the

globular CRD which has a melting temperature of ~56°C (41). This implies that the ND

may not be folded tightly until it interacts with a ligand. On this basis, the identification
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of a binding partner that interacts with the PGAYPG motifs ofthe ND will be of great

interest, not only in terms of the splicing reaction but also in terms of the possibility of

determining the structure of the ND.
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