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Abstract

Gene expression in the eukaryotic cell is a fundamental cellular process, which consists of
several distinct steps but extensively coupled to each other. From site of transcription in the nucleus
to the cytoplasm, both mRNA and rRNA are associated with a proper set of proteins. These
proteins influence RNA processing, transport as well as ribosome maturation. We have tried to take
advantage of different model systems to understand the process of eukaryotic gene expression at the
post-transcription level. To this end, we have focused on identification and characterization of
several specific proteins in the context of mRNP and rRNP particles.

We have characterized a novel yeast gene MRD1, which encodes a protein with five RNA-
binding domains (RBDs) and is essential for viability. Mrd1p is present in the nucleolus and the
nucleoplasm. Depletion of Mrd1p leads to a decrease in the synthesis of 18S rRNA and 40S
ribosomal subunits. Mrd1p associates with the 35S pre-rRNA and the U3 snoRNA and is required for
the initial processing of pre-rRNA at the A0-A2 sites. The presence of five RBDs in Mrd1p suggests
that Mrd1p may function to correctly fold pre-rRNA, a requisite for proper cleavage.

Meanwhile, an MRD1 homologue, Ct-RBD-1 with six RBDs, has also been identified and shown
to involve in ribosome biogenesis in Chironomus tentans. Ct-RBD-1 binds pre-rRNA in vitro and
anti-Ct-RBD-1 antibodies repress pre-rRNA processing in vivo. Ct-RBD-1 is mainly located in the
nucleolus in an RNA polymerase I transcription-dependent manner, but it is also present in discrete
foci in the interchromatin and in the cytoplasm. In the cytoplasm, Ct-RBD-1 is associated with
ribosomes and, preferentially, with the 40S ribosomal subunit. Our data suggest that Ct-RBD-1 plays
a role in structurally coordinating pre-rRNA during ribosome biogenesis and that this function is
conserved in all eukaryotes.

We have characterized a novel abundant nucleolar protein, p100 in C. tentans. The p100
protein is located in the fibrillar compartment of the nucleolus, and remains in the nucleolus after
digestion with nucleases. This indicates that p100 might be a constituent of the nucleolar
proteinaceous framework. Remarkably, p100 is also localized in the brush border in the apical part
of the salivary gland cell. These results suggest that it could be involved in coordination of the level
of protein production and export from the cell through regulation of the level of rRNA production
in the nucleolus.

We have characterized a Dbp5 homologue in C. tentans, Ct-Dbp5. The protein becomes
associated with nascent pre-mRNAs at a large number of active genes, including the Balbiani ring
(BR) genes. Ct-Dbp5 is bound to nascent BR pre-mRNP particles and accompanies them through the
nucleoplasm and the nuclear pore into the cytoplasm. Nuclear accumulation of Ct-Dbp5 takes place
when synthesis and/or export of mRNA are inhibited. Our results indicate that most or all of the
shuttling Ct-Dbp5 exiting from the nucleus associated with mRNP. Furthermore, Ct-Dbp5 is present
along the mRNP fibril extending into the cytoplasm, supporting the view that Ct-Dbp5 is involved
in restructuring the mRNP prior to translation.

We have shown that the export receptor CRM1 in C. tentans is associated with BR pre-mRNP
while transcription takes place. We have also shown that the GTPase Ran binds to BR pre-mRNP,
but its binding mainly in the interchromatin. Although both CRM1 and Ran accompany BR pre-
mRNP through the nuclear pore, Leptomycin B treatment reveals that a NES-CRM1-RanGTP
complex is not essential for export of the BR mRNP. Our results suggest that several export
receptors associate with BR mRNP and that these receptors might have redundant functions in the
nuclear export of BR mRNP.

We have analyzed four SR proteins, SC35, ASF/SF2, 9G8 and hrp45, in C. tentans. All four SR
proteins genes are expressed in salivary gland cells and in several other tissues in a tissue specific
pattern. We found that about 90% of all nascent pre-mRNAs bind all four SR proteins, and that
approximately 10% of the pre-mRNAs associate with different subsets of the four SR proteins,
suggesting that not all of four SR proteins are needed for processing of pre-mRNA. None of three
examined SR proteins leave BR pre-mRNP as splicing is completed. Instead, 9G8 accompanies the
mRNP to the cytoplasm, while SC35 and hrp45 leave the BR mRNP at the nuclear side of the
nuclear pore complex.
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ABBREVIATIONS

BR               Balbiani Ring
CBC            Cap binding complex
CTD             C-terminal domain (of RNA polymerase II)
CTE              Constitutive transport element
DFC             Dense fibrillar component
DSE             Downstream sequence element
EJC              Exon-exon junction complex
ESE              Exonic splicing enhancer
ESS          Exonic splicing silencer
ETS              External transcribed spacer
FC                Fibrillar center
GC               Granular component
hnRNP         Heterogenous nuclear ribonucleoprotein
IP          Inositol hexakisphosphate
ISE           Intronic splicing enhancer
ISS           Intronic splicing silencer
ITS               Internal transcribed spacer
LMB         Leptomycin B
mRNA          Messenger RNA
NE         Nuclear envelope
NES          Nuclear export signal
NLS Nuclear localization signal
NMD         Nonsense-mediated decay
NPC          Nuclear pore complex
NRS         Nuclear retention signal
NTS         Non-transcribed spacers
Pol               (RNA) polymerase
Pre-mRNA    Pre-messenger RNA
PTB         Polypyrimidine-tract-binding protein
RBD          RNA-binding domain
RNAi           RNA interference
rRNA           Ribosomal RNA
snRNAs       Small nuclear RNAs.
snRNP          Small nuclear ribonucleoprotein particles
snoRNA       Small nucleolar RNA
snoRNP Small nucleolar ribonucleoprotein particles
SSU                      Small subunit
TAP              Tandem affinity purification
tRNA            Transfer RNAs
TREX           Transcription/export complex
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INTRODUCTION

GENERAL VIEW OF GENE EXPRESSION IN THE EUKARYOTIC CELLS

Gene expression in eukaryotic cells is a complicated cellular process, which consists of several

distinct steps and these steps are extensively coupled to each other. The major steps in the flow

of genetic information from the DNA via the RNA to the protein involve transcription of the

DNA into the pre-messenger RNA (pre-mRNA), processing of the pre-mRNA into mature

messenger RNA (mRNA), transport of the mRNA into the cytoplasm and finally translation of

the genetic messenger into the protein. All the steps are mediated and regulated by DNA or/and

RNA: protein interactions (Fig. 1).

Figure 1. Gene expression (DNA–>RNA–>protein) in eukaryotes.

Transcription is the first step in gene expression and it takes place in the nucleus of eukaryotic

cells. Three nuclear RNA polymerases transcribe distinct classes of genes. RNA polymerase I

(pol I) makes a large precursor to the major ribosomal RNAs (rRNAs). RNA Pol II synthesizes

pre-mRNAs and a number of stable, small nuclear RNAs (snRNAs), and small nucleolar RNAs

(snoRNAs). RNA pol III makes the precursors to 5S ribosomal RNA, the transfer RNAs

(tRNAs), and the other snRNAs. Eukaryotic RNA polymerases, unlike their prokaryotic
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counterparts, are incapable of binding by themselves to their respective promoters. Instead, they

rely on proteins called transcription factors to show them the way. The processes involved in

transcription are subjected to positive or negative regulation mediated by a variety of

transcriptional activators and repressors (Naar et al., 2001). Although the process of

transcription and its regulation are quite important for eukaryotic gene expression, it is beyond

the scope of this thesis. I would like to keep the discussion on the subsequent post-

transcriptional events in the nucleus with a focus on pre-mRNA splicing and transport, as well

as pre-rRNA processing and ribosome maturation.

POST-TRANSCRIPTIONAL EVENTS ON PRE-MESSENGER RNA

Post-transcriptional process of gene expression

Concomitant with transcription, the pre-mRNA undergoes series of maturation reactions,

including capping at the 5´ end, splicing, and 3´ end processing followed by the addition of a

poly (A) tail. Some pre-mRNAs are also subject to editing (Schaub and Keller, 2002). Generally,

capping of the pre-mRNA takes place at an early stage, already when 20-30 nucleotides have

been synthesized. The cap structure is formed by the addition of a monomethylated guanosine

to the first nucleotide of the pre-mRNA (Shatkin, 1976). This structure is then recognized by

the cap binding complex (CBC), consisting of two proteins, CBP20 and CBP80. The cap

structure bound to CBC is believed to play a major role in the stabilization of the mRNA. CBC

can also facilitate splicing, polyadenylation, mRNA export and translation (reviewed by Shatkin

and Manley, 2000). Pre-mRNA splicing involves removal of the introns from the pre-mRNA

and joining of the exons (described below). The 3’ end formation is a two-step catalytic process,

which involves cleavage of the primary transcript between the conserved AAUAAA hexamer

and a GU/U rich downstream sequence element (DSE), followed by the addition of about 200

adenosine residues to the 3’ end. These two processes are intimately coupled. The poly(A) tail

is important for translation and mRNA stability. Splicing and polyadenylation are initiated

during transcription. In some cases the processes may be completed before the mRNA is
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released from the site of transcription. In other cases, the processes are completed after release

of the mRNA from the gene loci (Baurén et al., 1998). In addition, the assembly of the export

machinery also occurs co-transcriptionally. The mature mRNA is transported through the

nucleoplasm to and through the nuclear pore into the cytoplasm where the mature mRNA is

used as a template for protein synthesis. These events constitute the major steps of the gene

expression pathway.

Coupling of upstream and downstream events to processing-transport systems on the gene

expression pathway

Although eukaryotic gene expression is considered to be a stepwise process, growing evidence

suggests that each event is physically and functionally linked to other events in the gene

expression pathway. The basis for such coupling is due in part to the coordination of processing

with transcription, through physical interactions of processing factors with the C-terminal

domain (CTD) of the largest subunit of RNA Pol II (for recent reviews see Maniatis and Reed,

2002; Neugebauer, 2002; Jensen et al., 2003). The CTD is highly conserved in RNA pol II from

widely diverged eukaryotes and it is comprised of a tandemly repeated heptapeptide

(YSPTSPS). The length of the CTD is variable among different eukaryotes, yet it roughly

correlates with the complexity of the organism. For example, yeasts have 26 repeats, whereas

mammals have 52. Each CTD heptad repeat possesses numerous potential phosphoreceptors.

The dynamic changes of phosphorylation and dephosphorylation is a critical mechanism for

CTD function (for review see Howe, 2002).

The importance of the CTD in vivo is demonstrated by the fact that deletion of this domain

significantly decreases the efficiency of capping, splicing and cleavage/polyadenylation of

mRNA precursors in mammalian cells (McCracken et al., 1997a, b). It has been shown that co-

transcriptional capping, splicing and 3' end processing are interdependent. For example, the

5’cap can enhance splicing of the first intron (Inoue et al., 1989) as well as 3’ processing

(Flaherty et al., 1997). 3’ processing depends on splicing of the last intron (Niwa et al., 1990;

Baurén et al., 1998), and conversely splicing of the last intron depends on recognition of the
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poly (A) site, which defines the 3’ end of the last exon (Niwa and Berget 1991; Baurén et al.,

1998). In the past several years evidence has accumulated indicating that the CTD has a direct

role for the capping and 3’ processing, but the direct role of the CTD in splicing independent of

the other two processes is least well understood (for review see Bentley, 1999). Although there

is observation that the CTD can stimulate each of these steps independently in vivo (Fong and

Bentley, 2001), another study argues that the effects of the CTD on splicing efficiency are

indirect (Fong and Zhou, 2001). No direct interaction between a mammalian splicing factor and

the CTD has yet been documented. The only known splicing factor shown to bind to the CTD

in vitro is the yeast splicing factor Prp40 (Morris and Greenleaf, 2000). The CTD is a unique

feature of RNA pol II and is thought to function as a platform for recruiting many of the

processing activities to the transcriptional machinery.

Recent studies indicate that transcription and processing events also appear to be functionally

linked to mRNA export (Strasser et al., 2002), although mRNA export is a distinct process both

in time and nuclear localization from those early nuclear events on the way of gene expression.

Coupling of mRNA export to transcription and splicing requires the recruitment of export

factors to the nascent pre-mRNA at the site of transcription, and co-splicing loading of export

factors onto the exon-exon junctions to form the mRNA export machinery (Le Hir et al., 2001;

for review, see Reed and Hurt, 2002). More recently, the 3´ processing of pre-mRNA was also

reported to be connected to mRNA export in yeast (Hammell et al., 2002). Coupling between

the transcription machinery and components of the processing–transport systems is required for

the nascent, step-wise construction of an export competent mRNA-protein complex. In a few

words, considerable evidence for the presence of an extensive network of coupling among

multiple steps of mRNA metabolism has emerged in the past few years (Jensen et al., 2003).

HnRNP-proteins and the dynamic of hnRNP complexes

From sites of transcription in the nucleus to the cytoplasm, messenger RNAs are associated

with specific RNA-binding proteins. These proteins are collectively referred to as heterogeneous

nuclear ribonucleoproteins (hnRNP proteins) or mRNA-protein complex proteins (mRNP
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proteins). They are associated with the transcripts and profoundly influence the function and

fate of the transcripts. (Dreyfuss et al., 2002).

The ribonucleoprotein complexes are the functional forms in which pre-mRNAs and mRNAs

exist in cells. The RNPs constitute structural and functional units of the regulation of gene

expression in which mRNA processing reactions take place. Approximately 30 major hnRNP

proteins (named A1-U) have been identified in human cells, and for many of these there are

several isoforms. Numerous less abundant proteins are also present in the hnRNP complexes.

The structures of many of these proteins are known. Most of them contain a modular structure

with one or more RNA-binding domains (RBDs) that provide specificity for certain mRNA

sequences or certain components of the RNA-processing apparatus. They further contain at

least one auxiliary domain that performs essential functions, for example, mediating protein-

protein interactions. In addition to the common RNA binding domain, there are several other

RNA-binding domains, including KH domains, and RGG (Arg-Gly-Gly) boxes. HnRNP

complexes also comprise proteins involved in pre-mRNA processing such as SR proteins, an

evolutionarily conserved family of splicing factors sharing a common structure. Like classic

hnRNP proteins, they contain one or more RNA-binding domain and an auxiliary domain rich in

arginine-serine dipeptides (RS domain). There is growing evidence suggesting that SR proteins

could also be regarded as constitutive components of the hnRNP complex rather than only as

spliceosome components that are assembled and disassembled in conjunction with splicing

(Alzhanova-Ericsson et al., 1996; Caceres et al., 1998; Krecic and Swanson, 1999).

In addition to their role in packaging the RNA into ribonucleoprotein complexes, hnRNP

proteins function in a variety of other pathways that influence gene expression, such as regulated

pre-mRNA splicing and 3’ end formation (Dreyfuss et al., 1993; Varani and Nagai, 1998). A

subset of hnRNP proteins (including hnRNPs A1, A2, D, E, I and K) shuttle continuously

between the nucleus and the cytoplasm (Pinol-Roma and Dreyfuss, 1991, 1992; Michael et al.,

1995a, b; Nakielny et al., 1997), suggesting that hnRNP proteins are directly involved in mRNA

export (Izaurralde et al., 1997; Gallouzi and Steitz, 2001). It has been revealed that hnRNP A1, a
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shuttling protein, contains a nuclear export signal (NES) (Michael et al., 1995a). Furthermore, it

has been demonstrated by using immunoelectron microscopy, that the Balbiani ring (BR) mRNA

is associated directly with an hnRNP A1 homologue to the cytoplasm (Visa et al., 1996). The

discovery of specific nuclear export signals in RNA-binding proteins strengthens the argument

that shuttling hnRNP proteins act as carriers for mRNA export (Michael et al., 1995a). It has

been suggested that export of many, and probably all, RNA molecules may be accomplished by

RNA-binding proteins that bear NESs (Nakielny and Dreyfuss 1997; Nigg, 1997). In addition,

hnRNP proteins are also important in mRNA localization (Hoek et al., 1998; Cote et al., 1999),

translation (Ostareck et al. 1997; Habelhah et al., 2001) and stability (Shih and Claffey, 1999).

The composition of the hnRNP complexes is likely to change in various steps of RNA

metabolism. For instance, some proteins (e.g. the nuclear-restricted hnRNP proteins) are orderly

released from the RNP complex at different stages for the accomplishment of a proper

conformation rearrangement of the mRNA molecule and reorganization of the RNP complex into

an export-competent form before the mRNA can be transported to the cytoplasm (Pinol-Roma

and Dreyfuss 1991, 1992; Alzhanova-Ericsson, et al. 1996; Sun, et al. 1998). A nuclear retention

signal (NRS) has been identified in the auxiliary domain of hnRNP C1. This NRS can override

nuclear export signals in shuttling hnRNP proteins, and therefore, the nonshuttling proteins have

to be actively removed from the hnRNP complex before the nucleocytoplasmic translocation

(Nakielny and Dreyfuss 1996). Further, it has been reported that the mRNP complex undergoes

a series of conformational changes when translocated through the nuclear pore (Daneholt 1997).

Further, pre-mRNA splicing alters the composition of proteins that are bound to the mRNA,

such that general pre-mRNP complexes are somewhat different from mRNP complexes. The

hnRNP proteins that are bound on intronic sequences are removed after splicing, leaving behind

only the hnRNP proteins that are bound to exonic sequences (Dreyfuss et al., 2002). In addition,

components of the exon-exon junction complex (EJC) are assembled upstream of splice junctions

after splicing is completed (Le Hir et al., 2001). The EJC is a multiprotein complex that is

positioned at a site 20–24 nucleotides upstream of mRNA exon–exon junctions in a sequence
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independent manner. Analysis of the EJC has identified several protein components, including

SRm160, RNPS1, Aly/REF, Y14, and Magoh. Upf3. The EJC is thought to play multiple roles

in mRNA metabolism. Both SRm160 and RNPS1 can function as splicing coactivators;

ALy/REF is involved in the export of mRNA. RNPS1, Upf3 and Y14 have been shown to have

a role in nonsense-mediated  decay (NMD), which, in higher eukaryotes, depends on the EJC. In

addition, Y14 and Magoh have been implicated in the cytoplasmic localization of mRNA in

Drosophila (reviewed by Dreyfuss et al., 2002)

Pre-mRNA splicing

Defining the splice sites and the splicing reaction

Eukaryotic mRNAs are transcribed as precursors containing intervening sequences (introns).

These sequences are subsequently removed by a process called pre-mRNA splicing, such that

the flanking regions (exons) are assembled together to form mature mRNA. The basic

mechanisms of intron removal are well understood (Staley & Guthrie 1998). The intron is

cleaved from the exons at the 5’ and 3’ ends. The sequences defining the exon/intron borders in

the pre-mRNA are the conserved sequences within the intron and regions around the splice sites.

These sequences are conserved in a higher degree in yeast than in mammals. In higher eukaryotes,

the 5’ splice site consists of a short intronic sequence that loosely fits a consensus of

AG/GURAGU (/=splicing, R=purine). Whereas, the 3’ splice site consists of three elements: a

branch site (consensus YNYURAC, where the underlined A represents the site of branch

formation); a stretch of pyrimidines (the polypyrimidine tract); and, finally the 3’ splice site

sequence YAG /G (Y= C or U). These sequence elements are recognized by the components of a

large RNA–protein complex, termed the spliceosome. The formation of the major spliceosome

involves the step-wise assembly of four small nuclear ribonucleoprotein particles (snRNPs U1,

U2, U4/U6 and U5) and many non-snRNP splicing factors on a pre-mRNA. Within the

assembled spliceosome, intron excision occurs via a two-step enzymatic transterification

reaction. In the first step, the pre-mRNA is cleaved at the 5’ splice site, initiated by the branch

point adenosine (A) residue makes a nucleophilic attack on the G residue at the 5’-end of the

intron, simultaneously generating two splicing intermediates: a linear first exon with a free
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hydroxyl group at its 3’ terminus, and an intron-second exon in a lariat configuration. In the

second step, the 3’hydroxyl at the 5’ splice site attacks the 3’ splice site, resulting in that the 3’

splice site is cleaved, and concomitantly the two exons are ligated thereby generating the spliced

mRNA and the excised intron in a lariat configuration (Fig. 2). Formation of the spliceosome at

particular splice junctions is triggered by recognition of the 5’ splice site by the U1 snRNP and

of the 3’ splice site by U2AF, followed by the U2 snRNP. Recent experiments have challenged

the model of spliceosome assembly in which U1 and U2 snRNPs act discretely in the early

steps of prespliceosome assembly. A penta–snRNP complex has been purified from S.

cerevisiae, which may represent a preassembled spliceosome (Stevens et al., 2002). This

implicates that in vivo, the spliceosomal snRNPs associate prior to binding of a pre-mRNA

substrate rather than with pre-mRNA via stepwise addition of discrete snRNPs.

Figure 2. The splicing reaction.

Pre-mRNA splicing begins co-transcriptionally and often continues post-transcriptionally.  The

intron removal does not always occur in the order of intron synthesis, which indicates that some

splicing events occur much more rapidly than others and that slower splicing events may occur

post-transcriptionally in the nucleoplasm as shown by the Balbiani ring genes of Chironomus

tentans (Baurén and Wieslander, 1994; Wetterberg et al., 1996). In addition, co-transcriptional
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splicing is not obligatory. In some cases, such as alternative splicing, splicing may occur post-

transcriptionally owing to the slower kinetics of splicing unfavorable introns (for review see

Neugebauer 2002).

Alternative splicing

It is well established that alternative pre-mRNA splicing represents an important post-

transcriptional control of gene expression in higher eukaryotic cells. Genomic analysis has

revealed that there is unexpectedly small difference in gene number in different organisms from

yeast to humans. For example, flies have only about twice as many genes as yeast (Rubin et al.,

2000). In addition, worms have more genes than flies (19,000 and 14,000, respectively).

Remarkably, humans have only about 30,000–40,000 protein-coding genes, and even the highest

estimate for humans is only around threefold greater than that for worms (Roest Crollius et al.,

2000; Ewing and Green, 2000). It is unlikely that this difference alone could explain the obvious

differences in functional and behavioral complexity between invertebrates and vertebrates. One

confounding fact emerging from the completion of genomic sequences in different organisms is

that the number of genes does not seem to correlate with the complexity of an organism. A

significant feature of gene expression in mammals is the presence of multiple transcripts with

alternative splice forms. Genome-wide analyses of alternative splicing by bioinformatics indicate

that up to 59% of human genes generate multiple mRNAs by alternative splicing (Lander et al.,

2001), which is used to express tissue or developmental specific proteins, suggesting that

alternative splicing is an important mechanism for generating protein diversity and may explain

in part how mammalian complexity arises from a surprisingly small complement of genes

(reviewed by Maniatis and Tasic, 2002).

General mechanisms of alternative splicing

Alternative splicing is the process by which multiple mRNAs can be generated from the same

pre-mRNA by the differential joining of 5' and 3' splice sites, allowing individual genes to

express multiple mRNAs that encode proteins with diverse and even antagonistic functions.

Alternative splicing patterns result from the use of alternative 5' splice sites, alternative 3' splice
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sites, optional exons, mutually exclusive exons, retained introns and by using different promoters

or poly-adenylation sites within a gene (McKeown, 1992. for detail see Fig. 3 ).

Figure 3. Types of alternative splicing. Regions that are added or removed by alternative splicing are
shaded.

It is generally believed that splice sites are selected by interaction of trans-acting factors with

cis-acting sequence elements, the process by which exons are distinguished from introns, and

intron–exon boundaries are accurately defined. The mechanisms of splice sites selection in

alternative and constitutive splicing appear to be closely connected. However, alternative exons

often have suboptimal splice sites compared with constitutive exons. Therefore other cis-acting

elements are required to be present in the coding sequences of genes to allow the splicing

machinery to recognize the genuine exons and to modulate the selection of alternative splice sites

(Cartegni et al., 2002). Several examples of intronic or exonic cis-elements that are important for

correct splice-site selection and that are distinct from the classical splicing signals have been

described. These elements are called exonic or intronic splicing enhancers (ESEs or ISEs) and

silencers (ESSs or ISSs). Enhancers and silencers stimulate or repress splice-site selection,

respectively.

Most splicing enhancers are purine-rich and are located in exons. These enhancer elements have

been identified in many regulated and constitutively spliced pre-mRNAs. Some enhancers are

pyrimidine-rich and reside within the intron, close to the 5' splice site. The key trans-acting
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factors in regulating alternative splicing are SR proteins (described below). In addition, another

class of RS domain-containing proteins involved in splicing are the SR related proteins, including

the U1-70K proteins; U2AF35 and U2AF65; splicing coactivators, SRm160/300; as well as

alternative splicing regulators such as Tra and Tra 2.

Most described silencers are intronic elements. Exonic splicing silencers are less well

characterized than ESEs, Their mechanisms of action are still not fully understood. Silencers

seem to work by interacting with negative regulators, which often belong to the hnRNP family

members, in particular, the hnRNP I protein (also known as polypyrimidine-tract-binding

protein (PTB)) and proteins of the hnRNP A/B and hnRNP H families (reviewed by Cartegni et

al., 2002).

In addition to the binding of specific sites, the relative abundance of SR and hnRNPA/B proteins

could be important in regulating the patterns of alternative splicing in a tissue-specific or

developmentally regulated manner, and their activities on 5’ selection do not appear to require

the recognition of specific target sequences.  Increasing concentrations of SR proteins resulted in

the selection of intron-proximal 5’ splice sites in pre-mRNA that contain two or more alternative

5’splice sites. However, an excess of hnRNP A/B proteins had an opposite effect, promoting the

selection of intron-distal 5’ splice sites. These effects have been observed with different pre-

mRNA substrates both in vitro and in vivo. Particularly, the molar ratio of SF2/ASF (a member

of SR protein) varies considerably in different rat tissues (for review see Caceres and Kornblihtt,

2002; Cartegni et al., 2002).

SR proteins

The well characterized non-snRNP splicing factors in spliceosomes are SR proteins. The SR

proteins constitute a family of essential pre-mRNA splicing factors that are highly conserved

throughout metazoa (Fu, 1995). The SR proteins share a phosphoepitope that can be recognized

by specific monoclonal antibodies (Turner et al., 1985; Roth et al., 1990) and can be co-purified

by a two-step salt-precipitation procedure (Roth et al., 1991; Zahler et al., 1992). A number of

studies have shown that the serine residues within the RS domains of SR proteins are
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extensively phosphorylated by several different kinases. This phosphorylation appears to

influence the subcellular localization of SR proteins (Colwill et al., 1996) and is important for the

ability of the RS domains to interact with each other and for the activities of SR proteins in

splicing (Xiao and Manley, 1998).

Currently the human SR protein family contains 10 known members, SPp20, ASF/SF2

(SRP30a), SC35 (SRp30b), SRp30c, 9G8, SRp40, SRp46, SRp54, SRp55 and SRp75. SR

proteins are  highly conserved in metazoan, but they are not found in budding yeast (Graveley,

2000). All individual SR proteins can complement a splicing deficient cytoplasmic S100 extract.

SR proteins are required for constitutive splicing. SR proteins have been shown to have roles in

exon definition by binding to exon sequences where they interact with U2AF35 bound to the

upstream 3’ splice sites and the U1-70K protein bound to the downstream 5’ splice site. It is

thought that the majority of constitutively spliced exons are defined by this mechanism (Reed,

1996).  SR proteins also facilitate the spliceosome assembly. SR proteins could function by

binding to the pre-mRNA and recruiting a number of different general splicing factors to the pre-

mRNA during spliceosome assembly (Wu and Maniatis, 1993; Kohtz et al. 1994; Roscigno and

Garcia-Blanco 1995).  In early spliceosome formation, SR proteins enhance the binding of U1

snRNP to 5' splice sites through interaction with U1 snRNP, U1-70K. They also promote the

recruitment of the U2AF splicing factor and U2 snRNP to the branch site or 3' splice site. At

later stage, SR proteins escort the U4/U6•U5 tri-snRNP into the spliceosome and they play

important roles in forming bridge complexes across exons and introns by mediating essential

protein-protein interaction across splice sites (for review see Graveley, 2000).

In addition to their roles in constitutively splicing, SR proteins also play key roles in regulating

alternative splicing. SR proteins most often bind enhancer elements to facilitate the recognition

and activation of weak splice sites, and several models have been proposed. It had been

demonstrated previously that the large subunit of U2AF (U2AF-65kDa), binds to the

polypyrimidine tract located between the branch site and 3’ splice site and is required for the

stable binding of U2 snRNP to the branch site.  However, many enhancer-dependent introns
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contain suboptimal pyrimidine tracts and require additional enhancing sequence elements for

activation. SR protein could bind to the ESE and promote splicing by facilitating the binding of

U2AF-65kDa to the polypyrimidine tract through an interaction mediated by U2AF-35kDa.

Thereby, through a network of multiple protein-protein interactions, they stabilize the U2AF

interaction at the 3’splice site and hence facilitate splicing of the upstream intron (U2AF

recruitment model, Fig. 4A). However, It has been shown recently that U2AF recruitment is not

sufficient to activate splicing, for instance, it has been suggested that ESE-bound SR proteins

functions through interactions with the splicing coactivator SRm160/300 (Eldridge et al., 1999),

which also interacts with U1 snRNP and U2 snRNP. These interactions are separate from those

required for the binding of U2AF-65kDa to the polypyrimidine tract. Some of these interactions

could be indirect. It is proposed that interactions mediated by one or more SR proteins between

SRm160/300 and U1 snRNP, and between SRm160/300 and the ESE, promote spliceosome

formation and splicing. These interactions simultaneously promote the binding of U2 snRNP to

the pre-mRNA, which also interacts with SRm160/300 (coactivator model, Fig. 4B). Finally, SR

proteins bind to splicing enhancers can antagonize the negative activity of hnRNP proteins

recognizing exonic splicing silencer element (inhibitor model, Fig. 4C) (for review see Blencowe,

2000, Graveley, 2000).

The structure and functional similarity among SR proteins suggests that they could perform

redundant roles. It has been shown that SR proteins are functionally redundant in splicing of

some introns but exhibit unique functions in removal of others, consistent with their multiple

functions in splicing. The notion of partial redundancy is supported by results from RNA

interference (RNAi) knockouts of SR proteins in Caenorhabditis elegans (Longman et al, 2000).

A CeSF2/ASF knockout resulted in defects in early embryonic development and lack of

viability, suggesting that this gene has an essential function during C. elegans development.

However, when all the other SR proteins were also targeted by RNAi, no obvious phenotype

was observed, which is indicative of gene redundancy. Lethality was only seen when

combinations of these SR proteins were targeted simultaneously. Therefore, SR proteins do not

simply have redundant functions but can act in a variety of ways to regulate splicing.
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Figure 4. models of alternative splicing.A. U2AF recruitment model. B. Coactivator model. C. Inhibitor
model.

In the cell, SR proteins are localized in the subnuclear compartments known as speckles that

may function as storage sites for certain splicing factors (for review see Misteli and Spector,

1997) and also in sites of active transcription (Baurén et al., 1996) in addition to their diffuse

distribution throughout the nucleoplasm. Like other splicing factors, SR proteins accumulate on

active chromosomal loci upon transcriptional activation of genes and leave gene loci when

transcription is turn off (Baurén et al., 1996; Misteli et al., 1997). Some of the SR proteins also

shuttle in and out of the nucleus (Caceres et al., 1998), raising the possibility that these proteins

may function in mRNA export.

Nucleocytoplasmic transport

Eukaryotic cells are divided by a double membrane, the nuclear envelope (NE) into two different

compartments, i.e. the cytoplasm and the nucleus. Thus, RNA synthesis and protein synthesis

are performed in distinct cellular compartments. The nuclear membrane also forms a barrier for
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exchange of molecules between these two compartments, thereby providing opportunities for

the regulation of gene expression. Consequently, nuclear proteins, which are synthesised in the

cytoplasm, must be imported into the nucleus to take part in different procedures of nuclear

metabolism, whereas different classes of RNAs, which are transcribed in the nucleus, must be

exported to the cytoplasm to perform their cellular functions. The proteinaceous channels called

nuclear pore complexes (NPCs, described below) in the double membrane of nuclear envelope

provide a pathway for exchange of macromolecules between the compartments, and all

nucleocytoplasmic transport processes are facilitated by the NPCs.

Nucleocytoplasmic transport is a signal-mediated and energy-dependent process in which

soluble transport receptors bind to a specific cargo in one compartment, guide it to and through

the nuclear pore, release it in the other compartment and finally recycle to the original

compartment for next round of transport (Nigg, 1997; Cole and Hammell, 1998; Görlich and

Kutay, 1999). Active transport through the nuclear pore also requires the coordinated interaction

between soluble transport receptors and the structural components of NPCs (Nakielny and

Dreyfuss 1999), and is a bidirectional process between the nucleus and the cytoplasm including

nuclear import and nuclear export. Most cargoes are transported by members of the conserved

family of receptors known as karyopherins (also called importins/exportins). These receptors

interact with protein cargoes via specific import and export signals, termed nuclear localization

signals (NLSs) and nuclear export signals. A feature of karyopherins is their requirement of the

protein Ran for directional movement through the NPC. Ran regulates the association and

disassociation of a cargo and its cognate transport receptor. Ran is a member of the Ras family of

small GTPases and is an important component of many pathways of nucleocytoplasmic

transport. It is crucial for Ran function that nuclear Ran is largely GTP bound, and cytoplasmic

Ran is not. For nuclear import, cargo/impotin complexes form in the cytoplasm, translocate into

the nucleus, and then are released upon binding of RanGTP. For nuclear export,

cargo/exportin/RanGTP form cooperatively in the nucleus, translocate to the cytoplasm, and

then are released concomitant with hydrolysis of the RanGTP to RanGDP. Thus, import and
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export are essentially the reverse of each other, with directionality maintained by the presence of

RanGTP in the nucleus and RanGDP in the cytoplasm.

Nuclear import involves transport of nuclear proteins, ribosomal proteins, shuttling proteins and

mature snRNPs into the nucleus. Nuclear export is also extensive. Besides a variety of shuttling

proteins, transport of the vast majority of cellular RNA molecules out of the nucleus is one of

the major routes through the nuclear pore. It has become increasely clear that most RNAs, if not

all, are transported as a complex with proteins, RNPs. Therefore RNA-binding proteins play a

critical role in nucleocytoplasmic transport of RNAs. Further, export of different classes of

RNAs, including rRNA, snRNA, tRNA, and mRNA seems to be mediated by distinct and class-

specific transport receptors (Jarmolowski et al., 1994; Izaurralde and Mattaj, 1995, Lei and

Silver, 2002). For instance, export of tRNA, several U snRNAs and all rRNAs is believed to

depend on distinct members of importin β  family, i.e. Exportin-t for tRNA and CRM1

(described below) for U snRNA and rRNA (Cullen, 2003).

Nuclear pore complexes

Nuclear pore complexes are large proteinaceous complexes consisting of multiple copies of 30-50

different proteins (Vasu and Forbes, 2001) embedded in the nuclear envelope with an estimated

molecular mass of 125 MDa in vertebrates (Reichelt et al., 1990) and 66 MDa in yeast (Rout

and Blobel, 1993; Rout et al., 2000), and have a highly conserved architecture from yeast to

human. As the nuclear gate, the NPC provides spatial connections for exchange of

macromolecules between the nucleus and the cytoplasm and also plays a critical role in the

formation and maintenance of the nuclear structure.

Ultrastructural studies have shown that the NPC includes the membrane-embedded portion that

displays an eight-fold symmetry of spokes that form the central framework. The NPC is

asymmetric with respect to its cytoplasmic and nuclear extensions. Attached to the cytoplasmic

face are flexible filaments protruding into the cytoplasm, while fibrils emanating on the nuclear

side converge at their ends to form a cagelike structure referred to as the nuclear basket (for

reviews, see Allen et al., 2000; Vasu and Forbes, 2001). Biochemical data show that the NPC is



25

made up of ∼30 proteins (known as nucleoporins) in yeast (Rout et al., 2000) and 50-60

nucleoporins in higher organisms (Fontoura et al., 1999). Phenylalanine/glycine (FG)-rich repeats

are a commonly found motif in nucleoporins, and these repeats mediate interactions with

transport receptors during translocation of macromolecules through the pore.

The export of mRNA and export  factors

Based on studies of import and export of proteins, a general paradigm of nucleocytoplasmic

transport is that most cargoes requires members of the conserved family of Ran-dependent

transport receptors called karyopherins as mentioned above. Compared to transport of proteins

and other RNAs, export of mRNA however is significantly more complicated, and a

fundamentally different mechanism may be required. This may be because of the greater size of

the cargo and numerous, diversified mRNAs in the nucleus. Unlike the transport of other

cargoes, export of mRNAs in general seems not to require members of the karyopherin family

and further seems to occur by one or more pathways. Transcription and processing events of

mRNA are tightly coupled to its export. In export of mRNA, export signals are not part of the

mRNA itself, but reside in adapter proteins that associate with the mRNA in mRNP complexes.

The processing events are believed to be accompanied by the deposition of adapters on the

nascent transcripts (Luo and Reed, 1999; Zhou et al., 2000; Le Hir et al., 2000). The adapters in

turn interact with their cognate receptors, enabling mRNA to translocate through the NPC.

Many putative adaptors are likely to be present in mRNPs and mRNA export may involve

multiple export pathways (Nakielny and Dreyfuss, 1999; Gallouzi and Steitz, 2001; Moor and

Rosbash, 2001). Although receptors and adapters for the export of cellular mRNAs have

remained less well defined, several export factors have been identified recently, apart from

nucleoporins which interact with mRNA export receptors to mediate mRNA nuclear export

(Görlich and Kutay, 1999; Nakielny and Dreyfuss, 1999; Cullen, 2000; Cole, 2000; Reed and

Hurt, 2002). These mRNA export factors are briefly discussed below.

TAP-mediated pathway for mRNA export
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Instead of the Ran system and karyopherins, the key mediator of bulk mRNA export consists of

a heterodimer of Tap (NXF1) and a small cofactor termed Nxt or p15. Tap belongs to the

conserved family of NXF proteins. The yeast orthologue of Tap is Mex67p, while the yeast

small cofactor is termed Mtr2p. There are two NXF genes in C. elegans, four in Drosphila

melanogaster and five in Homo sapiens, which indicates an evolutionarily conserved multigene

family of mRNA export factors. (Stutz and Izaurralde, 2003). Tap can directly interact with

both its cargoes and FG repeat-containing nucleoporins (Conti and Izaurralde, 2001; Grant et al.,

2002), and it shuttles between the nucleus and cytoplasm (Kang and Cullen, 1999; Braun et al.,

1999). Evidence for a role for human Tap in nuclear mRNA export initially came from studies of

the constitutive transport element (CTE), an RNA element found in simian type D retroviruses

that activate the nuclear export of unspliced viral mRNAs when present in cis (Gruter et al.,

1998). Importantly, expression of Tap was found to be fully sufficient to rescue CTE function in

otherwise nonpermissive cells (Kang and Cullen, 1999). It has also been demonstrated that

Mex67p, is required for yeast poly(A)+ RNA export and, hence, cellular viability (Segref et al.,

1997). Yeast cells bearing a disrupted Mex67 gene could be rescued by expression of Tap

together with its cofactor, NXT1 or p15-1 (Katahira et al., 1999). More recently, inactivation of

the C. elegans homolog of Tap by RNAi was reported to block the nuclear export of poly(A)+

RNA in this metazoan organism (Tan et al., 2000). TAP/NXF1, together with its cofactor

p15/NXT1 (Fribourg et al., 2001), promotes the export of both spliced and intronless transcripts

through interactions with both mRNPs and NPC proteins. The Tap-mediated mRNA export

pathway is conserved from yeast to human.

Other export receptors involved in export of mRNA

Although the conserved mRNA export heterodimer (TAP-p15 or Mex67-Mtr2) appears to be

required for transport of bulk poly(A)+ mRNA (Segref et al., 1997; Tan et al., 2000; Gallouzi

and Steitz, 2001), it is likely that alternative export pathways exist due to the vast complexity of

the mRNAs in cells.
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CRM1 (exportin-1) was first identified as a factor required for the nuclear export of late HIV-1

mRNAs, and this was one of the first export pathways studied in molecular detail and has

provided important insights into RNA transport mechanisms. However, an involvement of

exportin-1/Crm1 (or Xpo1p/Crm1) in cellular mRNA export was a question of debate for a long

time, and it is a still an unresolved issue.

CRM1 involved in yeast mRNA export has been suggested from the observation that

inactivation of exportin-1 in a temperature-sensitive mutant strain not only blocks NES export

but also results in nuclear accumulation of poly(A)+ RNA (Stade et al., 1997). However, another

study concluded that the NES-Crm1p pathway is not a major mRNA export route in S.

cerevisiae. A single site mutant converts S. cerevisiae Crm1p from being leptomycin B (LMB, a

selective inhibitor of CRM1 function) insensitive to fully LMB sensitive. Treatment of this new

strain with LMB had a rapid and potent inhibitory effect on NES-mediated export but had only

a delayed and incomplete inhibitory effect on mRNA export (Neville and Rosbash, 1999). In

higher eukaryotes, a potential role of CRM1 cannot be rule out (Watanabe et al., 1999), because

treatment of mammalian cells with LMB, induces the nuclear accumulation of endogenous

mRNA, probably due to the inhibition of its export. In fission yeast, the nuclear accumulation of

mRNA also occurred in cells treated with LMB or in a temperature-sensitive crm1 mutant at a

restrictive temperature.  These results suggest that CRM1 maybe involved in mRNA export in

eukaryotic cells. However, microinjection experiments in Xenopus oocytes suggested that the

majority of cellular mRNAs do not use CRM1 as a nuclear export factor. More recently, a

genome-wide analysis of nuclear mRNA export pathways in Drosophila (Herold et al., 2003)

have argued against a role for CRM1 in the export of a large fraction of mRNAs.

Nevertheless, some exceptions have already been reported in metazoans that might suggest that a

few mRNAs are export by CRM1. A Tap family member (NXF3) is expressed in human testis

and is thought to play a role in male germ cell development. The NXF3 protein lacks the C-

terminal domain that is typically required for transport by Tap family members. Instead, NXF3

contains a leucine-rich NES, and associates with poly(A)+ mRNA in vivo.  Therefore, it might
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function as a tissue-specific nuclear mRNA-export factor and is thought to be exported by

CRM1/exportin-1 and RanGTP (Yang et al., 2001).

A second case involves mRNAs that rapidly turn over due to the presence of an AU-rich

element in their 3' untranslated region. One of these mRNAs, c-fos, is thought to be exported via

karyopherin family members, CRM1/exportin-1 and karyopherin ß2B (transportin-2), which is

mediated by the protein HuR (Brennan et al., 2000; Gallouzi and Steitz, 2001). HuR directly

binds to transportin-2, and it interacts with CRM1 through two protein ligands, pp32 and

APRIL. These data imply that a specific subset of cellular mRNAs might be substrates for

CRM1-mediated nuclear mRNA export.

Taken together, it is generally believed that although CRM1 is required for the export of a wide

verity of cellular protein and RNA substrates, it plays at most a very limited role in cellular

mRNA export (Neville and Rosbash, 1999, Herold et al., 2003).

mRNA export adaptors

Aly/REF in vertebrates (Le Hir et al., 2001; Zhou et al., 2000) and Yra1 in yeast (Portman et al.,

1997; Stutz et al., 2000; Sträβser et al., 2000) are key adaptors between mRNPs and NXF1-p15

(Mex67p-Mtr2p). REF is evolutionarily conserved and contain a central RNA binding domain

and highly conserved N- and C-termini, which constitute binding sites for TAP/Mex67 as well as

RNA (Sträβser and Hurt, 2000; Stutz et al., 2000; Rodrigues et al., 2001). Aly(REF)/Yra1 can

interact directly with TAP/Mex67, which indicates that Aly/Yra1 might recruit TAP/Mex67 to

mRNA (Stutz et al., 2000; Zenklusen et al., 2001). Furthermore, Aly has been shown to be

recruited to mRNP during splicing (Zhou et al., 2000) and is a component of the EJC (Le Hir et

al., 2000, 2001). Direct functional evidence for Aly/REF in the export of mRNAs was shown by

microinjection of recombinant Aly/REF protein or anti-Aly(REF) antibodies into Xenopus laevis

oocytes (Zhou et al., 2000; Rodrigues et al., 2001) and by genetic screening for mutants that

were defective in mRNA export in yeast (Sträβser and Hurt, 2000). These experiments showed

that Aly/Yra1 facilitates the export not only of spliced mRNAs, but also of unspliced mRNAs,

although spliced mRNAs are affected to a greater extent. In addition, Aly/Yra1 interacts directly
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with the conserved protein Sub2p in yeast (Sträβser and Hurt, 2001) and UAP56 in mammals

(Lou et al., 2001). It is suggested that Sub2p/UAP56 (described below) plays a role in recruited

Aly/Yra1 to the mRNA during splicing (Sträβser and Hurt, 2000; Lou et al., 2001).

Subsequently, TAP/Mex67 is recruited to the mRNP complex by interaction with Aly/Yra1,

thereby delivering the mRNP to the nuclear pore for export (Sträβser and Hurt, 2001). Recently

using RNAi to deplete all three members of the REF/Aly family in C. elegans, no defects in

mRNA export were observed (Longman et al., 2003), suggesting the existence of multiple

adaptor proteins that mediate mRNA export in C. elegans.

HnRNP proteins. A persistent hypothesis has been the involvement of shuttling hnRNP

proteins in mRNA export, such as hnRNP A1 and hnRNP K (for reviews, see Nakielny and

Dreyfuss 1999). Moreover, hnRNP A1 shuttles through interaction of a M9 sequence with the

receptor transportin1 (Pollard et al., 1996; Siomi et al., 1997). However, a role in mRNA export

for the M9 sequence has not been directly demonstrated. Nevertheless, some observations are

consistent with the possibility that hnRNP proteins play a role in mRNA export. For example,

excess hnRNP A1 or M9 peptides inhibit export of DHFR mRNA (Izaurralde et al., 1997;

Gallouzi and Steitz, 2001).

SR proteins. The possibility that SR proteins play a role in mRNA export first came from the

observation that SRp20, 9G8 and ASF/SF2, shuttled between the nucleus and the cytoplasm,

and required RNA synthesis for shuttling (Caceres et al., 1998). More recently, SRp20 and 9G8

have been shown specifically bind an intronless mRNA export element (Huang and Steiz 2001).

This raises the possibility that these proteins may function as mRNA export adapters. Further,

it has been shown that 9G8 and SRp20 interact directly with Tap and bind to the same N-

terminal region of Tap as that recognized by Aly/REF (Huang et al., 2003). In vivo support for

Tap-SR interactions is provided by observations that injection of the N terminus of 9G8 into

Xenopus oocyte nuclei blocks mRNA export, while coinjection of Tap relieves the inhibition

(Huang et al., 2003). These data indicate that, like REF/ALY, shuttling SR proteins can recruit

Tap to bound mRNAs, providing adapter function for export.
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mRNA export co-factors

Dbp5. An increasing number of reports have shown that members of putative RNA helicase

superfamily are involved in all aspects of RNA metabolism, by unwinding double-stranded RNA

and disrupting RNA-RNA, and RNA-protein or even protein-protein interactions in an energy-

dependent manner. RNA helicases could maintain the optimal conformation of RNA molecules

or regulate the biological events in which they are involved through controlling RNA structure

(for review, see Luking et al., 1998; de la Cruz et al., 1999). It is particularly intriguing that a

DEAD-box RNA helicase Dbp5 has been found to be implicated in mRNA export in both yeast

and vertebrates as an export factor (Snay-Hodge et al., 1998; Tseng et al., 1998 Schmitt et al.,

1999). Dbp5 is an ATPase-dependent RNA helicase and the helicase activity has been shown to

be essential for its mRNA export function. REFs are associated with mRNPs in the nucleus, but,

after they have transported the mRNA to the cytoplasm, the REFs are released, suggesting that

remodeling of the mRNP occurs, either during or just after export. A candidate mediator of the

release function is the DEAD-box RNA helicase Dbp5, which is predominantly localized in the

cytoplasm and tightly associated with cytoplasmic fibrils of the NPC (Strahm et al., 1999). It is

therefore believed to function in late steps of mRNA export at the cytoplasmic side of the NPC

to facilitate exchange of mRNA export factors for cytoplasmic translation factors (reviewed by

Kuersten et al., 2001). In addition, Dbp5 is also found to be able to enter the nucleus in yeast

cells lacking functional Xpo1/Crm1 or Mex67p, indicating that Dbp5 can shuttle in and out of

the nucleus (Hodge et a., 1999). These findings imply that Dbp5 is likely to have a nuclear

function in mRNA export. Studies on BR mRNP show that during mRNA export (including

intranuclear transport and translocation of mRNA), dynamic rearrangements of RNA secondary

structures and RNA-protein interaction are likely to occur (Daneholt 1997, 2001). Removal of

some RNP proteins is considered to be a general prerequisite for mRNP export due to the

phenomenon of nuclear retention (Mattaj and Englmerier 1998). It is possible that Dbp5 in the

nucleus is involved in these processes, but the nuclear events of this RNA helicase remain to be

seen.
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UAP56/HEL/Sub2p. Another member of DExD/H box family of ATP-dependent RNA helicases,

UAP56/HEL in metazoan, was identified as a splicing factor required for U2 snRNP binding to

pre-mRNA (Fleckner et al., 1997). Its homologue in yeast, Sub2p, is required for multiple steps

of spliceosome assembly in yeast (Kistler and Guthrie, 2001; Libri et al., 2001; Zhang and

Green, 2001), Sub2p and Yra1p directly interact both in vitro and in vivo, and loss of Sub2p

function blocks poly(A)+ RNA nuclear export in yeast. Sub2p/UAP56 interacts primarily with

the C terminus of Yra1/Aly (Luo et al., 2001; Sträβser and Hurt, 2001). UAP56/Sub2p is

present in the spliced mRNP and interacts with the pre-mRNA during splicing and recruits the

export factor Aly/REF/Yra1p to the spliced mRNA (Gatfield et al., 2001; Sträβser and Hurt,

2001; Luo et al., 2001) and functions in an early step in the mRNA export process (Jensen et al.,

2001). Moreover, UAP56/HEL/Sub2p participates in the transport of intronless mRNAs, and

thus its role in export is not necessarily coupled to splicing (Gatfield et al., 2001; Jensen et al.,

2001; Sträβser and Hurt, 2001). In addition, HEL/UAP56 is also found to associate with the BR

pre-mRNP cotranscriptionally in Chironomus tentans, and incorporation of HEL into the pre-

mRNP is independent of the location of introns along the BR pre-mRNA. HEL accompanies the

BR mRNP to the nuclear pore and is released from the BR mRNP during translocation to the

cytoplasm (Kiesler et al., 2002).

Gle1p/hGle1. Gle1p is another candidate of mRNA export factor and is encoded by an essential

gene in yeast. Gle1p is concentrated at the cytoplasmic side of the NPC, and its inactivation

results in a rapid block of mRNA export (Del Priore et al., 1996; Murphy and Wente 1996;

Stutz et al., 1997). Likewise, its human counterpart, hGle1, is also enriched in the NPC.

Microinjection of anti-hGle1p antibodies into HeLa cells inhibits mRNA export, therefore it is

conclude that hGle1p functions in poly(A)+ RNA export (Watkins et al., 1998). Gle1p also

interacts genetically with Dbp5 (Hodge et al., 1999) and is thought to function at a terminal step

of mRNA export by interacting with a complex containing nucleoprin Nup159 (Hurwitz et al.,

1998; Strahm et al., 1999).
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Gle2p/Rae1p.  S. cerevisiae Gle2p is not essential for viability (Murphy et al., 1996). Its S.

pombe homolog Rae1p, however, is essential (Brown et al., 1995). The human ortholog is called

mrnp41 (Kraemer and Blobel, 1997). Mutation in either Gle2p or Rae1p causes a nuclear

accumulation of poly(A)+ RNA. Gle2p/Rae1p is recruited to NPCs through the so-called

GLEBS domain of nucleoporin Nup116, which is also present in the vertebrate nucleoporin

Nup98 (Bailer et al., 1998). Studies from yeast and mammalian cells suggest that Gle2p-GLEBS

interaction is required for Gle2p function in mRNA export (Bailer et al., 1998; Pritchard et al.,

1999). Gle2p/Rae1 is an evolutionarily conserved protein that associates with both mRNPs and

nucleoporins (Kraemer and Blobel, 1997), and may bridge the interaction between mRNP export

cargoes and the nuclear pore complex.

THO complex. More recently, Strässer et al. have shown that Yra1p and Sub2p are

stoichiometrically associated with a yeast protein complex, THO, which is a multimeric factor

containing four polypeptides, Tho2, Hpr1, Mft1 and Thp2 that plays a key role in transcription

elongation (Strasser et al., 2002). Genetic interactions have also been demonstrated between

Sub2p and THO complex members (Jimeno et al., 2002; Strasser et al., 2002; Zenklusen et al.,

2002). Moreover, these components operate in the export of bulk poly(A)+ RNA as well as of

mRNA derived from intronless genes. Similarly, both Aly and UAP56 associate with human

counterparts of the THO complex. Together, these data define a conserved complex, designated

the TREX ('transcription/export') complex. The TREX complex is specifically recruited to

activated genes during transcription and travels the entire length of the gene with RNA

polymerase II. These data indicate that the TREX complex has a conserved role in coupling

transcription to mRNA export, mediating the co-transcriptional recruitment of nuclear export

factors such as UAP56 and Aly, and hence presumably Tap-Nxt, to mRNAs. A growing body

of evidence supports a model (Fig. 5) that TREX complex would contribute to cotranscriptional

mRNP assembly and ensure packaging of the mRNA into an exportable mRNP complex (Stutz

and Izaurralde, 2003).
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Figure 5. Coupling transcription, splicing and export via the TREX complex targets the export machinery
to exons.UAP56 recruits Aly to the mRNA during splicing. At the NPC, prior to exort, UAP56 is replaced
by the mRNA export receptor TAP.

POST-TRANSTRIPTIONAL EVENTS ON PRE-RIBOSOMAL RNA

Nucleolar architecture

The nucleolus was first described as a subcellular structure and given its current name more than

a century and a half ago. It was, however, not until the 1960s that the role of the nucleolus was

established as the site of ribosome biogenesis.  Since the discovery of the nucleolus, many

scientists have focused on understanding the function of this dynamic nuclear structure. Now it

has been clearly established that rRNA transcription, rRNA processing and ribosome assembly

are major functions of the nucleolus (Hadjiolow, 1985). In addition, the nucleolus has been

shown to participate in many other cellular processes, including cell cycle progression, gene

silencing, and ribonucleoprotein complex formation. Consequently, a functional nucleolus is

crucial for cell survival (Pederson, 1998).
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When viewed by light and electron microscopy, nucleoli are solitary or multiple non-

membranous nuclear structures that occupy a substantial portion of the total nuclear interior. A

typical metazoan nucleolus consists of three major structural components. The central element is

the fibrillar center (FC), which is surrounded, either wholly or in part, by a compact layer

termed the dense fibrillar component (DFC).  The outermost layer has a grainy appearance and

hence termed the granular component (GC). The correlation between each of these components

and the process of ribosome formation has been analyzed extensively during the past years. It is

now believed that the earliest transcriptional events take place near the junction of the FC and

DFC, pre rRNAs enter the DFC, where they undergo a series of processing steps, and the later

stages of pre-rRNA processing and pre-ribosomal formation take place in the GC. Therefore, the

cascade of pre-rRNA processing events is spatially organized and progresses from the DFC to

the surrounding GC, and the normal structure of the interphase nucleolus is maintained by

transcription and ribosome assembly (Scheer and Hock 1999, Carmo-Fonseca et al., 2000).

The pre-rRNA processing pathway

The mature eukaryotic ribosome (80S) consists of two subunits, the large subunit of 60S

contains three rRNA species (28S/25S, 5.8S and 5S), while the small subunit of 40S is composed

of one rRNA (18S). The two subunits together contain approximately 80 ribosomal proteins

that are organized around highly modified rRNA. The synthesis and assembly of a complete

ribosome involves a complex series of pathways that occur throughout the cell. All three types

of RNA polymerase are involved in the synthesis of ribosomal components. RNA pol I is

dedicated to the synthesis of the 45S/35S precursors (in mammals and yeast, respectively).

RNA pol III synthesizes the 5S rRNA as well as small RNAs that are necessary for various

steps of ribosomal biogenesis, and RNA pol II synthesizes the pre-mRNA for ribosomal

proteins (Leary and Huang, 2001).

In a yeast cell, on average 40 ribosomes are made every second, and the genes encoding rRNAs

are organized in the yeast genome in 150-200 tandem repeats, each of which comprises two

transcriptional units separated by non-transcribed spacers (NTS). One of these units consists of
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a 5S rRNA gene, transcribed by RNA polymerase III.  The other unit contains single genes for

each of the mature 18S, 5.8S and 25S rRNAs, which are co-transcribed as a single large 35S

precursor by RNA pol I. In the 35S pre-rRNA, the mature rRNA sequences are separated by

two internal transcribed spacers (ITS1 and ITS2) and they are flanked by two external

transcribed spacers (5’ETS and 3’ETS).

The processing steps leading towards the mature rRNAs have been best characterized in the S.

cerevisiae. In these cells the primary 35S precursor is first cleaved at sites A0, A1, and A2,

generating the 20S and 27SA2 pre-rRNAs, respectively. Conversion of the 20S molecule into the

mature 18S rRNA takes place in the cytoplasm by cleavage at site D. The 27SA2 pre-rRNA is

further processed in several consecutive steps, to yield the mature 25S and 5.8S products (Fig.

6). During processing of the primary transcript, the precursor undergoes covalent modifications

such as base and ribose methylation and pseudouridinylation, as well as a series of endo- and

exonucleolytic cleavages (Venema and Tollervey, 1999). Processing events do not take place on

‘naked rRNAs’ but occur within dynamic pre-ribosomal particles containing various cis-acting

and trans-acting factors. The 35S pre-rRNA associates with many of the ribosomal proteins to

form a 90S preribosomal particle. From this particle, 66S and 43S preribosomes containing the

27S and 20S pre-mRNAs, respectively, are formed. The 66S particle remains in the nucleus until

exonucleolytic trimming of the 7S pre-mRNA to 5.8S rRNA is completed, while the 43S

preribosome is rapidly exported to the cytoplasm, where the final maturation step in the

synthesis of 18S rRNA takes place. A large number of ribosomal proteins associate with the

nucleolar pre-ribosomes at early steps during ribosome maturation, whereas others assemble at

later steps or even are added only in the cytoplasm (Kruiswijk et al., 1978). Maturation of the

ribosomal RNA and its assembly into ribosomal subunits involve at least 170 accessory

proteins, including components of small nucleolar ribonucleoprotein particles (snoRNPs),

endonucleases, exonucleases, putative RNA helicases, RNA binding proteins, rRNA modifying

enzymes and assembly of ribosomal subunits and processing of pre-rRNA are intimately

connected (Kressler et al., 1999; Venema and Tollervey, 1999).
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Figure 6. The major pre-rRNA processing pathway in S. cerevisiae.  The processing of the 35S precursor
generates mature 18S, 5.8S and 25S rRNAs. The endonucleolytic and exonucleolytic cleavage sites are
indicated (A0-E).

U3 sno RNP and the SSU processome

There has been an explosion in the number of snoRNAs identified. Like snRNAs, the snoRNAs

are generally rich in uridine and, hence, are usually named U followed by a number. Except for

the RNA component for RNase MRP, all known snoRNAs can be grouped in two major classes

referred to as box C/D and box H/ACA snoRNAs. Box C/D snoRNAs are involved in 2’-O-

methylation of rRNA, and box H/ACA snoRNAs function in pseudouridinylation. Some

snoRNAs, such as C/D RNAs U3, U8, U14, U22 and H/ACA RNAs snR10, snR30 are

involved in pre-rRNA processing. All snoRNAs are generally found to be associated with

proteins to form small nucleolar RNPs, or snoRNPs. These snoRNPs perform critical roles in

orchestrating ribosome biogenesis (for review see Lafontaine and Tollervey, 1998; Kiss, 2002).

U3 is the most conserved and abundant snoRNA. It is ubiquitous in eukaryotes and is required

for the processing of pre-18S ribosomal RNA in all organisms where it has been tested. U3 is
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essential for processing at the three early cleavage sites A0, A1, and A2 leading to the production

of the mature 18S rRNA (Hughes and Ares 1991). These cleavage reactions depend upon base

pairing between the 5’ end of U3 snoRNA and specific sequences in both the 5’-ETS of the pre-

rRNA and the 5’ stem-loop structure in the mature 18S rRNA (Beltrame and Tollervey, 1995;

Hughes, 1996; Sharma and Tollervey, 1999) .

The U3 snoRNA interacts with proteins that are common to all box C/D snoRNPs; Snu13p,

Nop56p, Nop58p and Nop1p. In addition, a number of proteins have been identified in a yeast

system that specifically associate with the U3 snoRNA, such as Rrp9p, Dhr1p, Lcp5p, Rcl1p,

Sof1p, Imp3p, Imp4p and Mpp10p. Like U3 snoRNA, each of these proteins is specifically

required for the processing of mature 18S rRNA and is essential for cell viability. Interactions

between the various protein components of the U3 snoRNP have been described. Mpp10p

associates with Imp3p, Imp4p, and Dhr1p. Dhr1p also associates with Rcl1p in vivo.

(Reviewed by Terns and Terns, 2002). It remained unclear how such a complex collection of

processing events and components might be coordinated.

The recent work of Dragon et al. (2002) was a first step towards understanding how the many

different steps in ribosome biogenesis are coordinated. In an effort to examine the proteins

constituting the functional U3 snoRNA particle, a protein-based protein affinity purification

method was used. This approach allowed the purification and identification of a large complex

containing U3 snoRNAs and a large number of U3-binding proteins. Subsequent sucrose

gradients analysis showed that the U3 binding proteins and U3 snoRNA co-sedimented in the

80S region. This new macromolecular complex (>2MD) which is approximately the same size as

the 80S ribosomes, was termed the small subunit (SSU) processome, because its components are

required for pre-18S rRNA processing. 40 years ago (Miller and Beatty 1969), it was shown

that, unlike other transcription sites, the rDNA transcription units show the appearance of

characteristic ‘Christmas tree’ with a ‘terminal ball’ at the tip of each elongating transcript.

While the nature and composition of the terminal balls were not known, they were indirectly

implicated in processing, as the 5’ terminal region of the pre-rRNA transcript was known to be
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critical for the early maturation events. Now it is known that SSU processome could correspond

to the ‘terminal balls’ in the electron microscope, because these terminal knobs on 35S pre-

rRNA were lost in mutants which were depleted for U3 snoRNA or U3-specific proteins.

Therefore the presence both of the U3 snoRNA and of SSU processome proteins is required for

terminal knob formation. These findings demonstrate that the active U3 particle is not a small

nucleolar RNP but rather a large nucleolar RNP required for the assembly of the ribosome

(Culver, 2002).

The ribosome assembly pathway

The knowledge about the formation and maturation of pre-ribosomal particles into the 60S and

40S subunits was well established during the 1970s (Udem and Warner, 1972, Trapman et al.,

1975). During the last three decades, factors required for ribosome biogenesis have been

characterized. However, the composition of these pre-ribosomal particles remained largely

unknown. It was only recently with the development of the efficient ‘tandem affinity-

purification’ (TAP) method combined with mass spectrometry, that the analysis of the

ribosome assembly pathway has made a breakthrough. As a result, more 120 non-ribosomal

proteins were found in association with pre-ribosomal particles in yeast.

From the 90S to the pre-40S and pre-60S particles

Within the past year and a half, several research groups (Baßler et al., 2001; Harnpicharnchai et

al., 2001; Saveanu et al., 2001; Fatica et al., 2002; Nissan et al., 2002) have succeeded in isolating

the compositions of 90S, 60S and 40S pre-ribosomal particles. The characterization of different

pre-ribosomal particles demonstrated that early 90S complexes have a composition that is

clearly distinct from that of later pre-60S and pre-40S particles. Biochemical characterization of

90S pre-ribosomes (Grandi, et al. 2002) reveal that complexes sedimented at ~90S were enriched

in 35S pre-rRNA, the ‘marker-RNA’ of the earliest 90S pre-ribosomes, U3 snoRNA, small

ribosome proteins and ~35 non-ribosomal factors, including proteins associated with U3 and

other factors required for 18S rRNA synthesis. Since the protein composition of 90S complexes

is very similar to that of the SSU processome, it is likely that similar complexes were isolated by
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the two groups. Strikingly, few components of recently characterized pre-60S ribosomes were

identified in the 90S pre-ribosomes. This suggests that factors required for 40S subunit synthesis

join the pre-90S particles during early rRNA cleavages at site A0 and A1, whereas the bulk of

pre-60S factors bind later, probably during or after A2 cleavage. Because the end products of the

rRNA cleavage at A2, which generate 20S rRNA and 27S rRNA, are the characteristic

intermediates for pre-40S and pre-60S ribosomal subunits, respectively, cleavage at this site

could trigger the association of 60S factors onto 27S rRNA and formation of the pre-40S and

pre-60S ribosomal particles. By comparing 90S to the derived pre-40S and pre-60S particles, it

was found that only a few proteins might have a role both in early and late maturation. For

example, the complex associated to Enp1 contains not only the 35S pre-rRNA but also

dimethylated 20S pre-rRNA (Grandi et al., 2002). This dimethylated step occurs after cleavage

at sites A1 and A2 (Lafontaine et al., 1995), suggesting a role of Enp1 in bridging the 90S and

pre-40S complexes. While a bridging factor linking 90S to pre-60S particles is probably Nsa3.

This conclusion comes from the observation that Nsa3 is present in a complex larger than 60S as

determined by sucrose gradient ultra-centrifugation (Nissan et al., 2002), and this complex was

rich in pre-60S factors but also contained a few proteins previously identified as components of

the 90S precursors. Base on these results, it was suggested that Nsa3 might be present both in

late 90S particles and in early pre-60S particles. During maturation, pre-ribosomes change their

composition over time and the pathway leading to the formation of the two subunits can

proceed independently from each other once they have separated.  In total, more than 120 non-

ribosomal factors were found in association with pre-ribosomal particles in yeast (for review see

Fromont-Racine et al., 2003).

Pre-60S ribosome assembly pathway

The precursor to the 60S subunit was initially described as the 66S particle, but is now known

to consist of a family of pre-60S particles including nucleolar particles, nucleolar/nucleoplasmic

particles, nuleoplasmic particles, nucleoplasmic/cytoplasmic particles and cytoplasmic particles.

It is thus not surprising that more than 70 proteins are needed at different steps along pre-60S

maturation. However, among the 50 non-ribosomal proteins that remain associated with the
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earliest nucleolar pre-60S ribosomes, only ~ 5 factors are present on the most mature pre-60S

particles. Therefore the earlier and later pre-60S particles differ substantially in their protein

compositions. Many pre-60S factors are strictly nucleolar while others are localized both in the

nucleolus and the nucleoplasm; only a few pre-ribosomal factors are present all along the

maturation pathway. It can be speculated that cells need to have mechanisms to maintain

direction over the assembly line, in particular to determine when one step has been completed

and the next can begin (Warner, 2001). The dynamic interaction of the Noc proteins appeared to

participate in this process. The Noc1/Noc2 heterodimer has been found in the early pre-60S

ribosomes in the nucleolus, whereas the Noc2-Noc3 complex is found on pre-60S particles both

in the nucleolus and in the nucleoplasm. During maturation of the 90S particle to the pre-60S

particle, Noc1 dissociates from Noc2 and is replaced by Noc 3, which may trigger the release of

the pre-ribosome from the nucleolus into the nucleoplasm (Fatica and Tollervey, 2002).

Mutation of each of the Noc proteins blocks intranuclear transport of pre-60S subunits at

different stages (Milkereit et al., 2001). More recently, a model for maturation and export of the

60S subunit has been proposed (Fig. 7). The initial ribosomal precursor particle is a 90S

assembly, which after cleavage at A2 separates into 40S and 60S pre-subunits. The derived pre-

60S ribosomes undergo a series of RNA processing reactions, which are likely to be exclusively

nucleolar. Following rRNA maturation, the 60S pre-ribosomes move from the nucleolus to the

cytoplasm, accompanied by major changes in the protein composition of the particles. In the

nucleoplasm, maturation and removal of factors from the particles continues, and new

components join the 60S pre-ribosome in a sequential manner (Nissan et al., 2002). Strikingly

several of the core factors associated with the pre-60S ribosomes and accompanying them from

the nucleolus to the cytoplasm are putative GTPases and AAA-type ATPases. They probably

catalyze the structural rearrangements or conformational changes of the pre-60S particles (Gadal

et al., 2001).

Finally, nuclear export of pre-60S particles requires Nmd3p, an adaptor protein that carries a

leucine-rich nuclear export signal and serves to couple the large subunit protein Rpl10p to the

nuclear export receptor Xpo1p/Crm1(Gadal et al., 2001).
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Pre-40S ribosome maturation

Formation of the 40S subunit is less complicated than 60S biogenesis (see Fig.7). As mentioned

above, after cleavage at site A2, 90S breaks up into 40S and 60S pre-subunits. During this

transition, the pre-60S ribosome acquires a very large number of factors, leaving behind a

relatively elementary pre-40S particle with only a few non-ribosomal components. As a

consequence, the nucleolar 40S pre-ribosome carry only about 8 major non-ribosomal proteins.

Most of these associated with their target early on 90S particles and remain associated during

export to the cytoplasm, others appear to bind later, possibly after A0-A2 cleavages, which are

probably involved in final maturation of 40S subunits (Schäfer et al., 2003). In contrast to the

pre-60S subunits, pre-40S particles apparently lack GTPases and AAA-type ATPases. It is

therefore, that this pathway requires fewer changes in composition and structural arrangements.

Consequently, pre-40S subunits can transit more quickly through the nucleolar and

nucleoplasmic components in comparison with pre-60 subunit (reviewed by Tschochner and

Hurt, 2003), but its mechanism of export is still unknown (Moy and Silver, 1999). Recently it

has been shown in yeast that Yrb2 can be at least one of the adapter proteins needed for the 40S

subunit to bind to the export receptor Xpo1p (Moy and Silver, 2002).

The late steps of pre-40S subunit maturation take place in the cytoplasm, including

dimethylation of the 20S pre-rRNA at 3’end of the 18S rRNA, and the cleavage at site D to

convert the 20S pre-rRNA into mature 18S rRNA.

Taken together, the pre-60S and pre-40S subunits are exported separately to the cytoplasm

employing at least in part, different export factors and follow different pathways. Export of

both the large and small subunits is an energy-dependent and receptor-mediated process.

RanGTP and Xpo1p/Crm1 seem to be common to both pathways (Johnson, et al., 2002). The

final steps of both pre-40S and pre-60S ribosomal subunits maturation involving the removal of

almost all of the non-ribosomal proteins and await for the final structural rearrangements, which

will convert them into mature 40S and 60S subunits. Finally, the 40S and 60S subunits are joined

together to form 80 ribosomes.  
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Figure 7.   Maturation and export of 40S and 60S ribosomal subunits.

EXPERIMENTAL SYSTEMS

Chironomus tentans system

Chironomus tentans belongs to the insect order Diptera. The life cycle of C. tentans contains

four stages, egg, larval, pupal and midge. The larva is the most useful experimental material. It

has a pair of salivary glands, and each salivary gland harbors 35 to 40 gland cells, which are

located in one peripheral layer surrounding a central lumen. The most characteristic feature of the

salivary gland is the unusual size of its cells and their nuclei. The cell nucleus has a diameter of

about 75µm. Inside the nucleus there are four giant chromosomes (I-IV), two (chromosomes II

and III) of which have a nucleolus (for review see Wieslander, 1994; Daneholt, 1997).

The giant chromosomes are polytene chromosomes, which are the result of an endomitotic

process: the original chromosomes have duplicated 12-13 times without intervening nuclear

division. These chromosomes are functionally equivalent to the unfolded interphase

chromosomes with a large number of transcriptionally active genes, they are more or less



43

expanded to form the chromosomal puffs. A few puffs are exceptionally large and are called

Balbiani rings (BRs). Three BRs are present on the short chromosome IV (BR1, BR2 and BR3).

Four genes are present in the BRs. BR1, BR2.1, BR2.2 and BR3. The BR1 and BR2 genes are

closely related and belong to the same gene family. They are about 40 kb, contain four short

introns, three of them located in the 5’end, and one in the 3’end. The first three introns are

removed cotranscriptionally, and the last one is mainly spliced post-transcriptionally (Baurén

and Wieslander, 1994). The mature mRNA product is about 35kb. While the BR3 gene is 10.9

kb, and contains 38 introns, which are evenly distributed along the gene. The BR3 pre-mRNA is

subsequently spliced to a 5.5kb mRNA product (Wieslander, 1994).

Ultra-structural visualization (Lamb and Daneholt, 1979) of the isolated BRs from chromosome

IV have shown that the individual BR gene could be seen as long “Christmas trees”, which

indicate that the BR genes are exceptionally  active in transcription. On the average, around 120

polymerases read the genetic message in an individual BR gene at the same time. Furthermore,

each growing BR RNA molecule becomes associated with proteins immediately upon synthesis

to form a thin RNP fiber. In a section through a BR (Andersson et al. 1980), a large number of

short segments of active BR genes can be seen as open loops, and the structure of the growing

RNP particles could be followed from one end of the gene to the other. In the proximal portion

of the loop, the RNP particles appear as thick fibers increasing in length downstream the gene. In

the middle and distal portions, the free end of the thick fibers is packed into a dense, gradually

growing, stalked granule. The granules increase in size along the loop. The BR particle released

into the surrounding nucleoplasm is granular and exhibits a ring-like structure (Skoglund et al.,

1983; Skoglund et al., 1986). At the same time spliceosomes assemble and disassemble on the

growing BR pre-mRNP (Kiseleva et al., 1994), and splicing takes place simultaneously with

transcription (Baurén and Wieslander, 1994). The released particle can be readily detected during

its transport through the nucleoplasm and through the NPC (for review, see Daneholt, 2001).



44

Saccharomyces cerevisiae system

Saccharomyces cerevisiae is a simple unicellular organism. However, some of the properties

have made yeast particularly suitable for biological studies, including a stable haploid and diploid

state, a well-defined genetic system, a highly versatile DNA transformation system, the viability

with numerous markers, and most important, it is easy to make a gene knockout. The

phenotypes arising after disruption of yeast genes has contributed significantly toward

understanding of the function of certain proteins and cellular processes in vivo. Furthermore, the

ease of genetic manipulation of yeast allows its use for conveniently analyzing and functionally

dissecting gene products from other eukaryotes (Sherman, 1998).

In paper I, we use the budding yeast, as a model system to study the rRNA processing

pathway, because this is an essential and highly conserved process. The cleavage steps of the

rRNA have been particularly well studied in S. cerevisiae and can be used as a landmark for

analysis of this conserved process in other higher eukaryotic organisms.

CURRENT INVESTIGATION

In the ordinary diploid nucleus, it has proven difficult to follow the flow of specific

transcription products from the gene to the nuclear pore, as the organization of chromatin is

complex and dynamic in the cell nucleus. However, it is quite feasible in the polytene nuclei of

C. tentans, as the BR pre-mRNA particle can be unambiguously identified in the electron

microscope, and therefore, their assembly on the gene, transport in the nucleoplasm to and

through the nuclear pore can be visualized ultrastructurally. Furthermore, the fate of individual

proteins in the BR particle can be also followed directly by immunoelectron microscopy. Taken

advantages of this unique system, we are trying to identify proteins involved in the post-

transcriptional gene expression.



45

Aim of the thesis

We have tried to take advantage of different model systems to understand the process of

eukaryotic gene expression at the post-transcription level. To this end, we have focused on

identification and characterization of several specific proteins in the context of mRNP and rRNP

particles.

Results and discussion

RNA-binding proteins are involved in 40S- ribosome biogenesis (Paper I and II)

The regulation of gene expression is mediated by a growing number of various RNA-binding

proteins by forming RNP complexes. A shared feature of these proteins is that they contain

consensus RNA-binding domains, also called RNA recognition motif, reviewed by (Varani and

Nagai, 1998). The RBD is 80-90 amino acid residues in length, and within this loosely conserved

region, two short sequences, RNP-1 and RNP-2, are more highly conserved. Structure analysis

revealed that the RNA binding motif can promote annealing of complementary RNAs and

actively influence target RNA structure (Burd and Dreyfuss, 1994; Siomi and Dreyfuss, 1997).

To isolate genes encoding RBD-containing proteins in C. tentans, we have used an approach of

RT-PCR in combination with degenerate primers, by which we have cloned a cDNA, Ct-RBD-1,

encoding a protein with six RBDs. Ct-RBD-1 is similar along its entire length to its putative

homologues in D. melanogaster, C. elegans, H. sapiens and S. cerevisias. The function of the

protein is not yet known in any organism. The monoclonal antibody raised against Ct-RBD-1

has shown strong staining in nucleoli, and this localization is dependent on RNA polymerase I

transcription. These results implied that Ct-RBD-1is probably involved in ribosome biogenesis.

To date, most of the current knowledge on eukaryotic ribosomal biogenesis comes from studies

on the yeast S. cerevisiae. This organism is well-suited for the gene knock out and it allows the

combined use of genetic and biochemical tools. Based on the data mentioned above, a parallel

project was carried out in S. cerevisiae.  We have isolated the Ct-RBD-1 homologous gene in

yeast, which encodes a protein with five RBDs. We have named this previously uncharacterized
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gene MRD1 (multiple RNA-binding-domain). Subsequent knockout experiment shows that

MRD1 gene is essential for cell viability.

To determine the intracellular localization of Mrd1p, we construct a Mrd1p fusion protein with

a N-terminal HA and a C-terminal GFP. Analysis by fluorescence microscope showed that the

Mrd1p fusion protein is present throughout the nucleus and enriched in the nucleolus. The

localization was further investigated by immuno-EM, which showed that Mrd1p is present in

the nucleolus with an overlapping distribution compared to the nucleolar marker Nop1p.

To explore the function of the MRD1 gene, a conditional system for phenotypic analysis was

used. Mrd1p depletion leads to a decrease in cell growth and a reduction in the level of 18 S

rRNA, whereas the abundance of the 25 S and 5.8S rRNAs was not affected. These results lead

us to further investigate its role in ribosome biogenesis. We could detect that there is a gradual

decrease in polyribosomes and 80 S monosomes following Mrd1p depletion.  Simultaneously,

there is a decrease in the amount of 40 S ribosomal subunits and a relative increase in 60 S

ribosomal subunits by analysis of profiles from polysome and ribosome sucrose gradient

centrifugation. Taken together, our data indicate that Mrd1p might have a role in 18S rRNA

maturation, which in turn leads to the formation of 40S ribosome subunits.

We then investigated if the reduction in the levels of 18 S rRNA and 40 S ribosomal subunits in

Mrd1p-depleted cells was due to defects in pre-rRNA processing. The pre-rRNA processing

pathway was directly followed by using pulse-chase labeling and Northern blot analysis. In

Mrd1p-depleted cells, 35S pre-rRNA processing was slowed down, but processing in 25 S

rRNA was not affected. In contrast, processing into18 S rRNA and its 20 S precursors were

severely impaired. Thus, accumulation of 35 S pre-rRNA followed by reduced formation of the

20 S pre-rRNA intermediate leads to a net decrease and delay in 18 S rRNA production in the

Mrd1p-depleted cells.

To assess the role of Mrd1p in pre-rRNA processing in more detail, we analyzed the steady-

state levels of the pre-rRNA processing intermediates upon depletion of Mrd1p by Northern
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Blots, using oligonucleotide probes specific to pre-rRNA intermediates. In the Mrd1p-depleted

cells, we found an increase of both the 35S pre-rRNA and the 23 S aberrant pre-rRNA

intermediate, which is the product of cleavage of the 35 S pre-rRNA at site A3 in the absence of

prior cleavage at sites A0-A2. Meanwhile we also detected a decrease in the amount of 20 S,

which is consistent with the inhibition of cleavage at A2. However, the cleavages at the A3 and

downstream sites were not affected upon Mrd1p depletion, Based on these results, we conclude

that Mrd1p is required for the initial processing of pre-rRNA at the A0-A2 sites.

Our results showed that Mrd1p is involved in the initial cleavages of the 35S pre-rRNA. If so,

Mrd1p is most likely physically associated with the pre-rRNA precursors, and this was proved

by our immunoprecipitation results, Mrd1p could be co-immunoprecipitated with 35S pre-

rRNA in an 80-90S complex. In addition, U3 snoRNA is also specifically precipitated. It is

established that U3 snoRNA base-pairs to the 35S pre-rRNA at the 5’-ETS, which is required

for the 35S pre-rRNA cleavages at A0-A2 sites. Our immunoprecipitation results therefore are

in agreement with the interpretation that Mrd1p and the U3 snoRNA are both bound to the 35 S

pre-rRNA precursors.

Concomitant with the studies in yeast, Ct-RBD-1 has been shown to bind to in vitro transcribed

C. tentans pre-rRNA corresponding to defined regions, with high affinity to the regions

containing the transcribed spacers; 5’ETS, ITS1 and ITS2, while less binding to regions within

the 18S rRNA and 28S rRNA.

To establish that Ct-RBD-1 is involved in pre-rRNA processing in vivo, we injected anti-Ct-

RBD-1 antibodies into living salivary gland cells and analyzed the effect on pre-rRNA

metabolism. A clear disturbance of pre-rRNA processing could be detected, with the greatest

effect observed on 23S pre-rRNA, which is the precursor for 18S rRNA.

Unlike its yeast homologue Mrd1p, there is a fraction of Ct-RBD-1 present in the cytoplasm.

To further investigate its cytoplasmic distribution, the ribosomes were isolated, subsequently

60S and 40S ribosomal subunits were further separated by treatment with EDTA and sucrose
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gradients. We found that 20-30% of Ct-RBD-1 in cytoplasmic extracts sedimented together with

polysomes and ribosomes in a salt-dependent manner. Further, it is shown that Ct-RBD-1

mainly associates with the 40S ribosomal subunits.

p100, a protein in nucleolus and brush border (paper III)

A monoclonal antibody, 1F11, obtained from a previous study (Wurtz et al., 1996) recognized a

100 kD protein band by Western blot analysis of extracts from both C. tentans tissue culture

cells and salivary glands. This protein was designated C. tentans p100 (or p100 for short). By

screening the cDNA expression libraries, a cDNA sequence encoding the p100 was obtained.

The primary sequence deduced from the cDNA contains 583 amino acids, which corresponds to

a protein with a molecular mass of only 63 kD. This molecular weight discrepancy suggested

that this protein could be present in the cell in a phosphorylated form. To check this possibility,

the nuclear extract was treated with alkaline phosphatase. Following dephosphorylation, the

mobility of p100 shifted to about 95kD. Thus the discrepancy observed in the molecular weight

is at least partly due to post-translational phosphorylation.

To further demonstrate that the isolated cDNA clone was recognized by mAb 1F11, we carried

out an in vitro transcription/translation assay using the cDNA sequence followed by Western

blot analysis of the translational products using mAb 1F11. A strong and a weak band

correspond to 70kD and 85kD respectively, was recognized by 1F11. We conclude that the high

apparent molecular mass of p100 is likely to be due to a modification of the protein. Evidently

phosphorylation contributes, but there is likely to be one or more additional modifications.

The intracellular distribution of p100 in the salivary gland cells was analyzed. Within the

nucleus, intense immunostaining was specifically observed in the nucleolus, and notably a small

amount of p100 could also be seen in the cytoplasm in the very apical region of the salivary

gland cell. We further studied the localization of p100 in isolated polytene chromosomes by

immunocytology. Only the two conspicuous nucleoli, one connected to chromosome II and the

other to chromosome III, were labeled; the chromosomes themselves remained unstained. The

treatments of the isolated chromosomes containing nucleoli with DNase and RNase showed that
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the localization of p100 in the nucleoli is DNA and RNA independent. Therefore, we suggest

that p100 is part of a nucleolar proteinaceous framework.

The precise localization of p100 in the nucleolus was studied by immunoelectron microscopy of

cryosections. The p100 was evenly distributed over the entire fibrillar part, but the labeling was

low in the granular part of the nucleolus. We concluded that the p100 is selectively present in

the fibrillar compartment of the nucleolus and in the brush border in the apical portion of the

salivary gland cell.

Dbp5 associated with mRNP from genes to cytoplasm (Paper IV)

The transport of mRNA is known to be energy dependent and signal mediated, and like for all

classes of RNA molecules, nuclear export is dependent on the assembly of the RNA into the

appropriate ribonucleoprotein complex. Considering the comprehensive and dynamic

reconstruction of the mRNP complex that takes place during transport, RNA helicases are

required for mRNA export, perhaps for remodeling the mRNP export complexes prior to and

during transit through the nuclear pore.  The DEAD box protein Dbp5, has been shown to be an

essential mRNA export factor in both yeast and vertebrates. Dbp5 is located predominantly in

the cytoplasm and is associated with the cytoplasmic fibrils of the NPC. However, Dbp5 can

shuttle in and out of the nucleus implying that Dbp5 also functions in the nucleus, but its

detailed localization and function is unknown.

In the present study we have identified and cloned the C. tentans homologue of Dbp5, called Ct-

Dbp5. Immunocytological observations show that Ct-Dbp5 is located predominantly in the

cytoplasm and enriched in the nuclear rim but it is also present within the nucleus. Furthermore,

Ct-Dbp5 is associated with the nascent pre-mRNAs at a large number of active genes, including

the BR genes. Immunoelectron microscopy revealed that Ct-Dbp5 is bound to nascent BR pre-

mRNP particles and accompanies them through the nucleoplasm and the nuclear pore and into

the cytoplasm. Nuclear accumulation of Ct-Dbp5 takes place when synthesis and/or export of

mRNA are inhibited. Our results indicated that most or all of the shuttling Ct-Dbp5 exiting from

the nucleus are associated with mRNPs. Furthermore, Ct-Dbp5 is present along the mRNP fibril
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extending into the cytoplasm, supporting the view that Ct-Dbp5 is involved in restructuring the

mRNP prior to translation. Finally, the binding of Ct-Dbp5 already to the nascent transcripts

suggests that the co-transcriptional loading of pre-mRNA with proteins determines to a large

extent both the early and late fate of mRNA.

The most striking result of the present study is the observation that Ct-Dbp5 becomes

associated with mRNA as early as the transcription process and remains with the mRNA during

export into the cytoplasm. This opens up the possibility that Dbp5 participates in the drastic

conformational changes of the BR particle occurring during the information transfer, in particular

the stepwise packing of the RNP fibril into the compact ring-like structure concomitant with

transcription and the subsequent unpacking of the particle upon passage through the nuclear

pores.  It could be that the mRNA export factor Dbp5 exerts multiple roles both in the nucleus

and in the cytoplasm, or alternatively, that it acts selectively at the exit of mRNA into the

cytoplasm. In either case, our results on Ct-Dbp5 highlight the importance of the co-

transcriptional loading of pre-mRNA with proteins, and support the view that these proteins to

a considerable extent decide the fate of the mRNA not only in the nucleus but also in the

cytoplasm.

CRM1 and Ran associate with BR mRNP (paper V)

Although it is generally believed that the Tap export receptor plays a dominant role in bulk of

mRNA export through a Ran-independent pathway, there is evidence that CRM1 and Ran also

function in mRNA export. It is unclear whether there are multiple export receptors in a single

mRNP particle. Our aim in this project was to provide information on whether a single or

multiple export receptors (pathways) are responsible for export of a specific mRNA, for

instance BR-mRNP particles. For this purpose, we isolated cDNA clones of homologues

encoding CRM1 and Ran in C. tentans, called Ct-CRM1 and Ct-Ran, respectively. Sequence

analysis showed high similarities to their homologues from yeast to human. The intracellular

localizations of Ct-CRM1 and Ct-Ran were analyzed by immunocytology.  In diploid tissue

culture cells and salivary gland cells, Ct-CRM1 was present both in the cytoplasm and in the
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nucleus, and enriched at the nuclear rim. Ct-Ran had a similar localization; but a strong staining

was found to be in the nucleus, including nucleoli.

Thus, we would like to know if Ct-CRM1 has a direct role in mRNA export. If so, it should be

associated with mRNA at some step of the intranuclear part of gene expression. To this end,

localization of Ct-CRM1 on polytene chromosomes was analyzed both in the light microscope

and in the electron microscope. Ct-CRM1 was associated with highly active BR gene loci on

chromosome IV and many other smaller chromosomal puffs on all four chromosomes. The

immunostaining was sensitive to RNase treatment. These results indicated that Ct-CRM1 is

bound to nascent pre-mRNP.

We also showed that Ct-Ran was weakly stained in the active chromosomal puffs, including the

BR loci, and its association was RNase sensitive. In addition, Ct-Ran was also associated with

chromatin in polytene chromosomes.

To further investigate whether Ct-CRM1 and Ct-Ran are present in hnRNP complexes, we

performed immunoprecipitation experiments. Ct-CRM1 and Ct-Ran were specifically detected

in the immunoprecipitated hnRNP complexes together with other main hnRNP proteins. These

results are consistent with our immunocytological observations.

Subsequently, we analyzed the association of Ct-CRM1 and Ct-Ran with the growing BR pre-

mRNP particles in more detail. The ultrastructural analysis showed that Ct-CRM1 binds to the

growing BR pre-mRNPs and probably is recruited to the nascent transcripts at an early stage of

transcription. In contrast, Ct-Ran is recruited mainly in the interchromatin. Both proteins then

accompanied the BR mRNPs to and through the NPCs.

Further, we wished to ask whether Ct-CRM1 is important for the export of mRNA in general.

Tissue culture cells were treated with LMB, a highly specific inhibitor of CRM1, and mRNA

export was analyzed by in situ hybridization with oligo-dT probes. We did not detect any

significant nuclear retention of total poly(A)+ RNA, indicating that Ct-CRM1 is not a major

export factor for mRNA in C. tentans.
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Finally, we investigated if the LMB-treatment disrupted the association of Ct-CRM1 and Ct-

Ran with BR mRNPs, thereby influencing the BR mRNP export. Ultrastructural analysis

showed that LMB drastically reduced the association of Ct-Ran with BR mRNP particles. In

contrast, Ct-CRM1 remained associated with BR mRNP particles in the presence of LMB.

These results suggested that the binding of Ct-CRM1 to the BR mRNP particles was not

dependent on an intact NES-Ct-CRM1-Ct-RanGTP complex. After LMB treatment, we could

not detect any accumulation of BR mRNP particles close to the nuclear membrane; however, the

transition of BR mRNP particles through the NPC was extended in time.

Taking these results into account, it is concluded that Ct-CRM1 and Ct-Ran are present in BR

pre-mRNP/mRNP particles and other hnRNP complexes and remain associated with BR mRNP

particles through the NPC into the cytoplasm. The NES-CRM1-Ran complex is not essential for

export of BR particles although it, to some extent, might influence the translocation of BR

mRNP particles through the NPC. Based on these new findings, together with the previous

studies that BR mRNP contained REF/ALY (Kiesler et al., 2002), implying that TAP is

involved in export of BR particles, we suggested that more than one export pathway may

operate during BR mRNP export.

Association of SR proteins with nascent pre-mRNAs (paper VI)

The super family of the SR splicing factors are conserved from Drosophila to man, and can also

be found in plant. Analysis of the isolated proteins from Hela cells on SDS PAGE reveals 5

major bands of 20, 30-35, 40, 55, and 75kD. They are known as SRp20, ASF/SF2(SRp30a),

SC35(SRp30b), SRp40, SRp55 and SRp75. Another SR protein identified by a monoclonal

antibody is 9G8, a 35kD protein. So far, ten members of human SR proteins have been identified

and most of the functions about SR proteins were derived from in vitro biochemical analysis. In

this study we are trying to understand their roles in the context of cell nucleus by using

C.tentans as a model system.

The genes encoding ct-ASF/SF2, ct-SC35 were isolated by using degenerate oligonucleotide

primers corresponding to their homologues genes in Drosophila, respectively. The ct-9G8 was
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isolated by yeast two-hybrid screening using the hrp23/Ct-RSF as bait. Database search show

that ct-ASF/SF2, ct-SC35 and ct-9G8 show higher similarity to their homologues evolutionally.

To be able to quantify the expression of the four (ct-ASF/SF2, ct-SC35, ct-9G8 and Hrp45) SR

protein genes in C. tentans, we measured the relative mRNA levels for the four genes by using

RT-PCR. Our results showed that all four SR protein genes investigated are transcribed in all

tissues analyzed and that the pattern of relative levels of mRNA differs between tissues.

Subsequently, the association of the four SR proteins with individual nascent pre-mRNAs was

analyzed. We stained polytene chromosomes from salivary gland cells with the SR protein

specific antibodies. The most striking result was the similarity in the staining pattern for all four

SR proteins. Therefore most if not all gene specific nascent pre-mRNAs bind more than one SR

proteins, just difference in relative amount. Their bindings are RNA dependent.

To investigate if different SR proteins also bind to the same pre-mRNP, we performed immuno

EM analyze, we show that SC35 and 9G8 are present in nascent pre-mRNPs  at the beginning,

middle and end of the transcript, and SR proteins show differential release from the pre-mRNPs

at the nuclear membrane pore. SC35 leaves the BR mRNP at the pore, which is very similar to

that of hrp45, while 9G8 follows the BR mRNP through the pores and even to the cytoplasm.

The fact that the SR proteins are associated with the mRNP when docking to the nuclear pores,

strongly suggest that the SR proteins remain bound to the BR pre-mRNA after the introns have

been removed. It is likely that SR proteins have different roles during coupled

transcription/splicing, and nuclear export as well as during at least the initial phase of the mRNP

life in the cytoplasm.
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