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Mechanisms of Spliceosomal Assembly
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Abstract

Pre-mRNA splicing is a key step for generating mature protein-coding mRNA. An RNA—protein complex
known as the spliccosome carries out the chemistry of pre-mRNA splicing. However, several pre-
spliceosomal intermediates are assembled on the pre-mRNA before the formation of the catalytically acti-
vated splicecosome. The progression to the activated spliceosome involves a cascade of the rearrangement
events of the RNA-RNA, RNA-protein, and protein—protein interactions within the pre-spliceosomal
intermediates. These rearrangements generate multiple combinatorial interactions of the spliceosome with
the substrate, which enhances the accuracy of the splice site selection. Each rearrangement also represents
a step at which splicing can potentially be subjected to regulation. The aim of this chapter is to provide an
overview of the components of the spliccosome and their rearrangements along the spliccosome assembly
pathway.
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1 Introduction

In 1977, Phillip Sharp and his colleagues first provided evidence
for the presence of the introns in nascent transcripts [1]. In 1985,
the spliccosome, the ribonucleoprotein (RNP) machine which
catalyzes pre-mRNA splicing, was identified [2]. The components
of the spliceosome contain five small nuclear RNAs (snRNAs) and
hundreds of proteins. In contrast to other RNPs, the catalytically
active spliceosome are not preassembled before they bind to the
pre-mRNA substrate. Instead, the components of the spliceosome
interact with the substrates in a stepwise way to assemble a series of
pre-spliceosomal intermediates, which leads to the formation of
active site of the spliccosome. Since the 1990s, these pre-
spliceosomal intermediates have been trapped and analyzed in vitro
using a variety of approaches [3]. The biochemical characteriza-
tions of these intermediate complexes, combined with yeast genetic
functional studies of the individual spliceosomal components, have
revealed much insight into the spliccosome assembly pathway.
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Recently, with the advance of the mass spectrometry and electric
microscopy techniques, the components and structures of the vari-
ous pre-spliccosomal complexes have been even more precisely
mapped [4]. Importantly, this detailed knowledge of spliceosome
assembly forms the basis of our understanding of the mechanisms
that govern splicing fidelity, alternative splicing, and the regulation
of alternative splicing, all of which are the key steps of gene expres-
sion and are discussed in Chapters 4-6.

2 Basic Spliceosome Assembly Pathway

2.1 Stepwise
Assembly of the
snBRNPs Across
an Intron

Nuclear pre-mRNA splicing involves two transesterification steps
to remove the intron from the pre-mRNA to generate mature
protein-coding mRNA. The three reactive regions on the pre-
mRNA are the 5’ splice site (5’SS), the 3’ splice site (3’SS), and the
branch point site (BPS), which are all defined by short consensus
sequence. In addition to three regions, metazoan introns contain a
conserved polypyrimidine tract (PPT) between the 3’ss and the
BPS (Fig. 1a; see also Chapter 1).

The spliceosome, the largest RNP machine in nucleus, recog-
nizes and positions these reactive regions to catalyze pre-mRNA
splicing (for a recent extensive review, see ref. 5). The main build-
ing blocks of spliceosome are small nuclear ribonucleoproteins
(snRNPs). There are five spliccosomal snRNPs: U1, U2, U4, U5,
and U6 snRNP. Each snRNP contains a single snRNA and at least
seven protein subunits. The snRNPs and additional non-snRNP-
associated proteins (such as SF1, U2AF, and the Prpl9 complex
(NTC); see Subheading 3.2 below) are assembled on the pre-
mRNA substrate in a stepwise way to form the pre-spliceosomal E,
A, B, and, finally, the catalytic-spliceosomal C complex (Fig. 1b).
During the stepwise assembly processes, multiple combinatorial
interactions are generated between the spliceosomal components
and the reactive regions of the substrate. Although these reactive
regions have very limited conservation (see Fig. 1a), the multiple
interactions provide the spliceosome multiple opportunities to
double-check the fidelity of interactions, thereby increasing the
accuracy of site selection.

To begin the assembly of the spliccosome, Ul snRNP engages
with the 5’SS, while SF1 binds to the BPS, in an ATP-independent
manner to form the pre-spliccosomal E complex (Fig. 1b; E).
In metazoan systems, the 65 and 35 subunits of the U2AF protein
heterodimer also bind to the PPT and 3’ ss respectively during this
ATP-independent step to further promote correct identification of
the 3’ end of the intron. In the presence of ATD, several rearrange-
ments of the snRNDPs then occur to progress assembly from the E to
A, B, and C complexes. The first rearrangement is that U2 snRNP
displaces SF1 from the BPS to form the A complex (Fig. 1b; A).
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Fig. 1 The pathways of the spliceosome assembly during the pre-mRNA splicing. (a) The consensus nucleotide
sequences of metazoan pre-mRNAs. Here, two exons (boxes) are separated by an intron (/ine). The consensus
sequence at the 5’ splice site (5’SS), branch point sequence (BPS), polypyrimidine tract (PPT), and 3’ splice
site (3'SS) are indicated above the /ine. In these sequences, R stands for either G or A; Y stands for either U or C.
The A within the BPS forms the branch point of the intron lariat produced by splicing. (b) The stepwise assem-
bly of U1, U2, U4/U6, U5 snRNP, and NTC on the consensus sequences in the removal of an intron from a pre-
mRNA is depicted. Left, the cross-intron assembly. Right, corresponding exon-defined version of each step

At this point, the preassembled U4/U6.U5 tri-snRNP and NTC
are recruited to form the B complex (Fig. 1b; B). The Ul and U4
snRNP are then released followed by the association of the U6
snRNP with the 5SS and with the U2 snRNA. These rearrange-
ment events promote the first catalytic step to occur, i.¢., cleavage
of the 5SS with concurrent formation of a covalent bond between
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2.2 The Exon-
Definition Complex

the first nucleotide of the intron and an A residue at the BPS to
results in the C complex formation (Fig. 1b; C). In the C complex,
the second catalytic step proceeds to excise the lariat intron and join
5" and 3’ exons to generate mature mRNA (Fig. 1b; products).

The combinatorial interactions described above are built across the
introns. However, the average lengths for exons and introns of
human protein-coding genes are, respectively, 145 and 3,364
nucleotides [6]. Since the exons are significantly shorter than
introns, it is expected that initially identifying exons during the spli-
ceosome assembly would help the splicing components to be depos-
ited across the introns more precisely, and hence avoid the use of
the cryptic splice sites. Thus, it is envisioned that the cross-exon
interactions of the snRNPs occur first or simultaneously with the
cross-intron interactions in each stage of the assembly (Fig. 1b,
right column). Indeed, the Ul and U2 snRNP-containing exon-
defined A complexes have been observed for several exons (Fig. 1b;
A-like) [7, 8]. In addition, some exon-definition complexes have
been shown to contain the tri-snRNP, and the exon-bound tri-
snRNP can directly interact with the upstream 5’SS to assemble the
B complex across the intron (Fig. 1b; B-like) [9]. However, despite
the characterization of some exon-defined complexes, it is still
unknown exactly what interactions of the RNA and protein compo-
nents are involved in building the exon-defined and the connection
or conversion of exon-defined to intron-defined complexes.

3 The Rearrangements of the Spliceosome During the Assembly Processes

3.1 The Dynamics
of the RNA-RNA
Interactions

Much of the structural rearrangements during spliceosome assem-
bly and establishment of its active site involves the remodeling of
the base-pairing interactions among five snRNAs and three reac-
tive regions of the pre-mRNA [10, 11]. In the pre-spliceosomal
complexes, such as the A and B complex, the base-pairing interac-
tions with the 5’ §S and BPS involve the 5" end of Ul snRNA and
the internal region of U2 snRNA, respectively (Fig. 2a; purple and
cyan box of Ul and U2). For the tri-snRNP in the pre-spliceosomal
complex, U4 and U6 snRNA are held firmly by base-pairing inter-
actions, and U5 snRNA is associated through RNA-protein inter-
actions (Fig. 2a; tri-snRNP). The U4 and U6 base-pairing
interactions inactivate the catalytically important regions of U6 to
prevent from cleaving pre-mRNA prematurely.

During the integration of the tri-snRNP into the spliceosome,
Ul is displaced from 5'SS, and U4 /U6 base-pairing interactions
are taken apart. This rearrangement frees U6 snRNA and allows it
to form two new base-pairing interactions. One of the interactions
involves the ACAGA motif of U6 snRNA engaging in 5’SS interac-
tion, and the other involves the region downstream of ACAGA
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Fig. 2 The rearrangements of RNA—RNA interaction networks during the transition to the catalytic-spliceoso-
mal complex. (@) The secondary structures of the five human U snRNAs and the base-pairing interactions of
the snRNAs—pre-mRNA within the pre-spliceosomal complex. The stem-loops of the U1 and U2 snRNAs are
numbered, and the proteins that associate with these stem-loops are listed in Table 1. The regions of U1 snRNA
and U2 snRNA base pair with the 5’SS or BPS are highlighted in purple and cyan. The tri-snRNP shown here
has not integrated into the spliceosome. Within the tri-snRNP, U6 and U4 snRNA are held through base-pairing
interactions, while the U5 snRNA and U4/U6 di-snRNA are held by the proteins shown as the pink circles.
(b) During the transition to the catalytic-spliceosomal C complex, U1 and U4 snRNA are released, while U2, U5,
and U6 snRNA form the new base-pairing interactions. For simplicity, only the base-pairing interactions of
snRNA—snRNA or snRNA—pre-mRNA are shown, but the secondary structures of the snRNAs are not depicted.
The regions of the U6 snRNA that are engaged in the base-pairing interactions with the 5’SS and U2 snRNA
are highlighted in purple and yellow, respectively. The stem-loop region of U5 snRNA makes a few contacts
with the 5" and 3’-exon
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3.2 The Changes
of Protein—Protein
or Protein—-RNA
Interactions

motif base pairing with the U2 snRNA (Fig. 2b; blue and yellow
box of U6). It is interesting that the region of U2 snRNA that base
pairs with U6 snRNA is immediately proximal to the region
interacting with the pre-mRNA (Fig. 2b; yellow box of U2). Thus,
these two newly formed interactions bring the splice sites together
to allow the first catalytic step to occur. Following first catalytic
step, the stem-loop region of U5 snRNA contacts the nucleotides
of the 5" and 3’exon to bring the two exons into proximity for the
second catalytic step.

The RNA base-pairing interactions illustrated above involves
from three to eight base pairs that are typically not fully comple-
mentary. Thus, proteins certainly play an important role in creating
and stabilizing these RNA-RNA interactions. In turn, these RNA-
RNA interactions also influence the protein—-RNA and protein—
protein interactions.

The human spliceosomal complexes contain ~45 distinct snRNDP-
associated proteins and ~170 spliceosome-associated factor [12, 13].
During the splicing processes, proteins enter and leave the spliceo-
somes from one stage to the next. Thus, the number of the total
splicecosomal proteins varies among different pre-spliceosomal
intermediates. In general, each of the spliccosomal A, B, and C
complex contains ~125 proteins or less (in the case of the A com-
plex) [14-16]. Table 1 lists some of these proteins that have the
well-known functions.

During the progression from the A to B complex, ~35 tri-
snRNP proteins and ~25 non-snRNP proteins are recruited (see
Table 1). The major part of these non-snRNP proteins is the
Prpl9 complex (NTC). The human Prpl9 complex is comprised
of seven distinct subunits with four copies of prpl9 protein. This
complex is thus similar to the size of the snRNPs, but unlike the
snRNPs, the NTC contains no RNAs [17]. The B complex then
transition to the C complex, involving the release not only of the
Ul and U4 RNAs but also the protein components of the Ul and
U4 snRNP. Although U6 snRNA is not released, most of its pro-
tein components also fall off in the C complex. It is possible that
the non-snRNP proteins in the C complex, such as the NTC,
form new interactions with U6 snRNA to promote its interaction
with pre-mRNA in creating the active splice sites of the spliceo-
some. Moreover, there are ~30 non-snRNP proteins which are
recruited during C complex to promote the catalytic site forma-
tion (Table 1).

Importantly, many of the proteins that are recruited during
the assembly steps are RNA-dependent ATPases/helicases, which
are required for the various RNA rearrangements [11]. For exam-
ple, Brr2, the U5 snRNP component, is involved in unwinding
U6,/U4 duplex. Subsequently, Prp28, also a U5 snRNP compo-
nent, mediates the transfer of the 5’SS from the 5’ end of Ul
snRNA to the ACAGAG motif of U6 snRNA (Fig. 2). Prpl6 and
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The representative protein components of human U snRNPs, NTC, and spliceosomal factors

Present in
the complex
U snRNP/NTC/ Representative
spliceosomal factors proteins A B C Functions/interactions/modifications
A complex factors (~10) RBM5 + Block the conversion from a cross-exon to a
cross-intron complex
Ul snRNP (~14) Sm (7) + + Bind to the sm site of Ul snRNA
U170K + + Bind to the SLI of Ul snRNA
UlA + + Bind to the SLII of Ul snRNA
UlC + + Mediate the base-pairing interactions between
Ul snRNA and 5’SS
U2 (~17) Sm (7) + + + Bind to the sm site of U2 snRNA
SF3a (3) + Bind to SLI and SLIIb of U2 snRNA
SE3b (7) + + Mediate the base-pairing interactions between
U2 and BPS
U2-related (~10) U2AF35 + + Bind to AG nucleotide at 3'SS
U2AF65 + + Bind to PPT
SPF30 + + Bridges an interactions between U2AF35 and Prp3
Prp5/DDX46 + + Bridges a Ul and U2 snRNP interaction network
U5 (~14) Sm (7) + + Bind to sm site of U5 snRNA
hSnull4 + + GTPase; promote Brr2 helicase activity
hBrr2 + + RNA helicase; unwinding U4 /U6 hairpin
hPrp8 + + Bind to both of 5’ and 3’ exon during the
catalytic step 11
hPrp6 Phosphorylated during B complex formation
hPrp28 + + RNA helicase; exchange of Ul for U6 snRNP at
5'SS
U5-related (~11) hPrp38 + + Promote U4,/U6 snRNA dissociation
U4 (~12) Sm (7) + Bind to sm site of U4 snRNA
hPrp31 + Phosphorylated during B complex formation
hPrp4 + Phosphorylate Prp31 and Prp6
hPrp3 + Ubiquitinated by NTC
hPrp24 + Facilitates the association of U4 and U6 snRNPs
U6 (7) Lsm2-8 (7) + Bind to the Lsm site of U6 snRNA
NTC (7) Prpl9 + + Stabilize the association of U5 and U6 with the
CDC5L + + spliceosome after U4 is dissociated
SPEF27 + +
PRLGI1 + +
NTC-related (~12) RBM22 + + Promote the catalytic conformation
B complex factors (~8) UBLS5 + Unknown
C complex factors (~37)  Prp22 RNA helicase; required for catalytic step 1T
Prpl6 RNA helicase; required for both catalytic steps
Slu7 + Mediate 3’ splice site choice

The functions, interaction, or modifications of the representative proteins are compiled from several sources [5,
11, 23-26]. The association of these representative proteins with the spliceosomal complexes is based on the review
paper [5]. Numbers indicate the total number of individual proteins in a particular group
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Prp22, the non-snRNP proteins, are recruited during the transition
to the C complex and required for the second transesterification
step [18, 19].

4 Conclusion and Future Perspectives

The mechanism of spliceosome assembly provides an extraordinary
model in illustrating how RNAs and proteins cooperate as they
work together to recognize the reactive regions of the pre-mRNA
and catalyze its splicing. The other fact that makes the spliceosome
an important RNP machine is that 90-95 % of human genome is
alternatively spliced and at least 10 % of human genetic disease arises
from the mutations either in the splice sites or in the splicing regula-
tory sequences [20-22]. This indicates that the assembly of the spli-
ceosome is highly regulated in the cell and sensitive to the minor
changes of the pre-mRNA sequences. Thus, the mechanism of spli-
ceosome assembly not only is critical for understanding the princi-
ples that govern alternative splicing but also brings new opportunities
to the possible treatment of human genetic diseases.
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