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Abstract

Splicing of MRNA precursors was discovered over 30 years ago. It is one of the most complex
steps in gene expression and therefore must be tightly controlled to ensure that splicing occurs
efficiently and accurately. Splicing takes place in alarge complex, the spliceosome, which
contains approximately 200 proteins and five small RNAs (U snRNAS). Since its discovery, much
work has been done to elucidate the pathway of the chemical reaction as well as the proteins and
RNAs involved in catalysis. A variety of studies have established the potential for U2 and U6
snRNAsto play arolein splicing catalysis, raising the possibility that the spliceosomeisa
ribozyme. If correct, this would point to the spliceosomal proteins playing a supporting role during
splicing. On the other hand, it may be that proteins contribute more directly to the spliceosomal
active site, with the highly evolutionarily conserved Prp8 protein being an excellent candidate.
This review will concentrate on recent work on splicing catalysis, and elucidating possible roles
proteins play in this process.

Introduction

The splicing reaction entails the removal of introns and the joining of exons by two
consecutive transesterification reactions (reviewed in refs. 1-6). In order to remove introns
precisaly, the spliceosome recognizes a number of sequencesin the mRNA precursor (pre-
mRNA), including the 5" splice site, the 3" splice site and the branch site (see Figure 1A). In
the first step, the 2" OH group of aresidue in the branchsite, usually an adenosine (the
branchpoint), bulged from an RNA-RNA duplex created by base pairing with U2 snRNA, is
activated to attack the phosphodiester bond at the 5” splice site, resulting in the formation of
abranched, or lariat, intermediate containing a2’ to 5" phosphodiester bond, and rel ease of
the 5" exon (see Figure 1B). The second step involves a nucleophilic attack by the 3'OH of
the 5" exon on the phosphodiester bond at the 3" splice site, resulting in ligation of the two
exons and excision of theintron lariat.

Both genetic and biochemical studies have shown extensive interactions between the pre-
MRNA and the different U snRNAs (reviewed in ref. 2). The first step, before the
splicenosome is activated, involves recognition of the 5 splice site and branchsite by U1 and
U2 snRNP, respectively, forming the A complex. Thisisfollowed by the addition of the so-
called U4.U6/U5 tri-snRNP to form B complex. In order to form the catalytically active C
complex, U4 and U6 snRNAS, extensively base paired in the tri-snRNP, are unwound, U1
sNRNA isdisplaced by U6 at the 5" splice site, and U2 and U6 become extensively base-
paired (see Figure 2). The multiple steps required before assembling a catalytically active
spliceosome allows the system to check itself to ensure that the proper splicing signals are
recognized and that splicing occurs accurately. The spliceosome is now primed for the first
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step of splicing, after which more rearrangements are required before the second step can
take place’. These include a change in the conformation of U2 snRNA8: 9, a perturbation in
the U2-branch site interaction’®, and tethering of the 5" and 3" splice sites by U5 snRNA1L,

The spliceosome contains approximately 200 proteins'? 13, These include proteins required
for the first step, the second step or both steps. Included in the multitude of proteins are
proteins that constitute the sSnRNPs (snRNP proteins) as well as so-called non snRNP
proteins. One of the critical questions regarding splicing catalysis is whether the reaction is
catalyzed by RNA or proteins, or both. Considerable evidence exists that the spliceosomeis
in fact aribozyme, in which U snRNAs perform the chemistry of the reaction. However,
whether or not splicing is an RNA catalyzed reaction, there is no question that many
proteins are needed to assembl e the catalytically active spliceosome as well as to orchestrate
the many rearrangements required during splicing.

This review will focus on some of the recent work trying to answer the question of whether
the spliceosome is aribozyme, identifying the proteins involved in the various steps of
spliceosome assembly and the reaction, and how these proteins are regulated during the
course of the splicing reaction.

Role of U snRNAs in splicing catalysis: Is the spliceosome a ribozyme?

One of the longstanding questions in the splicing field isif the spliceosomeisa

ribozymel4 15 | s the reaction catalyzed by the U snRNAS, by one or more of the many
proteins associated with the spliceosome, or by a combination of the two? The similarities
between pre-mRNA splicing and self-splicing of group 11 introns have led many to believe
that splicing is an RNA catalyzed reaction (e.g., refs. 3, 16). The two steps of the splicing
reactions share the same stereochemistry aswell as other similaritiesin their structure and
conservation of catalytically important domains® 17 If the spliceosome isin essence a
ribozyme, then which of the U snRNAs isresponsible for catalysis? Since U1 and U4
snRNAs are removed from the spliceosome before catalysis, it is safe to assume that they
are not part of the active core required for splicing. The conserved loop of U5 snRNA has
been shown to be important to correctly position the exons for the second step of

splicing?8 19, although it has been shown to be dispensable for both steps of splicing in
mammals?C. Thiswould lead to the possibility that U2 and U6 snRNAs form at |east part of
the catalytic core of the spliceosome. Mutagenesis data have shown that there are two
domainsin U6 that are crucial for catalysis, the evolutionarily conserved ACAGAGA box?!
and the AGC triad?2. Another clue that U6 isinvolved in catalysisisits ability to bind a
divalent cation at a position (U74) that has been shown to be important for catalysis®3 24,
Furthermore, structural studies of afragment of the yeast U2-U6 duplex revealed that it
contains a group-11 intron like domain and contains a four-fold junction that has the potential
to juxtapose catalytically crucial regions of the sTRNAs?.

A number of studies have provided evidence that splicing may indeed be RNA catalyzed. In
one, in vitro selection was performed on variants of U6 snRNA and several ribozymes were
selected that had 2,5 -branch forming activity26. A significant step towards answering this
guestion was taken when it was shown that in vitro transcribed U2 and U6 sRNAs are able
to form aduplex in vitro under splicing conditions, and that secondary and tertiary RNA-
RNA interactions that had previously been identified by genetic tools were present in this
duplex?’. When this duplex was formed and a short RNA oligonuclectide containing the
branch site consensus (Br oligo; see Figure 3A) added in the presence of Mg**, the U2-U6
duplex catalyzed a reaction that led to the formation of anovel RNA, RNA X 28:29, RNA X
was shown to contain a covalent linkage of the branch oligo with U6, by an unusual
phosphotriester bond linking the 2" OH of the bulged adenosine of the branch site and a
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phosphate in the catalytically important AGC triad of U6 (see Figure 3B). Specifically, this
region of U6 was previously shown to function as a traditional branch site acceptor in
nematode cell extracts®0. The phosphotriester bond is related to the phosphodiester bond
found in the intron lariat intermediate of splicing, but with the difference that in RNA X the
5" end of the branch acceptor (U6) is not displaced, and the leaving group is water. It was
shown that conserved regions of U6 that are known to be crucial for splicing, namely the
AGC triad and ACAGAGA hox, were necessary for RNA X formation.

More recently, a second reaction related to the first step of splicing was shown to be
catalyzed by the U2-U6 duplex3L. A short RNA sequence containing a consensus 5” splice
site was linked to U6 (5" SS-U6). This RNA was then annealed to U2 and the complex
incubated with Br oligo (see Figure 3A). After incubation a new RNA was produced in a
Mg** dependent manner. ThisRNA, RNA Y, contains full-length Br oligo and 5" SS-U6.
However, the 5" end of the 5" splice siteis not present in RNA Y, suggesting it has been
removed during formation of RNA Y, asisthe 5" exon during the first step of the splicing
reaction. The linkage between U6 and Br appearsto be at or near the putative bulged
adenosine. Therefore, it is apparent that the splicing reaction can be catalyzed by RNA.
However, the protein-free splicing-related reactions are very slow and inefficient, leading to
the conclusion that (a) co-factor(s) are required for splicing of pre-mRNA to take placein
the cell.

Role of spliceosomal proteins: Prp8 and splicing catalysis

The most likely candidate protein to function in splicing catalysisis Prp8, the largest (2413
and 2335 amino acids in yeast and human, respectively) and most highly conserved protein
(62% identity between yeast and human) in the spliceosome32. Due to its location at the
heart of the spliceosome and its extensive interactions with crucial sequences required for
splicing Prp8 has been proposed to be a master regulator of the splicing reactionl* 33, The
seguence of Prp8 does not shed any light on its function in splicing. While it contains a
putative RNA recognition domain, containing RNP-1 and RNP-2 sequences3, and a Jabl/
MPN domain, a possible ubiquitin binding domain3* 35 no other known domains have been
identified. Prp8 has been shown to interact with the 5" splice site both within the exon36: 37
and at the canonical GU dinucleotide3®. Prp8 also can be cross-linked to the 3" splice site®’
and the branch site®. In addition to its interactions with the pree-mRNA at these important
sequences, Prp8 interacts with several U snRNAS, including cross-linking to U540 and U641,
It has also been shown to genetically interact with U4 and U6 snRNAs and to govern their
unwinding during activation of the spliceosome in yeast*2. Prp8 has been implicated in
controlling a number of protein splicing factors, including the helicase Brr2, which is
required for both splicing catalysis and spliceosome disassembly#3: 44, and Snu114, which
regulates Brr2 activity*®.

More recently, Prp8 has been shown to be involved in the transition between the two steps
of splicing. Work by Query and Konarska has suggested a two-stage model in which thereis
amajor reconfiguration of the spliceosome between the two steps of splicing, with Prp8
playing a central role. Thefirst line of evidence came from examining the interaction
between the 5’ splice site and U6 snRNA. Hyper-stabilizing the base-pairing between the
two RNAs led to inhibition of the second step, indicating this interaction must be disrupted
between the two steps of splicing®. Furthermore, weakening the interaction between the
two RNAs enhanced the second step of splicing of a mutant substrate defective in the second
step of splicing. A second line of evidence came from a mutational analysis of Prp8. A
search for Prp8 alleles uncovered a group of mutants that improve the second step of
splicing by inhibiting the first step?’, which led the authors to investigate if an opposite class
exists. Indeed, they identified Prp8 mutants that promote the first step by inhibiting the
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second step8. Putting this data together the authors suggested amodel in which the active
spliceosome has two conformations. The first conformation favors the first step of splicing
while inhibiting the second step. After the first step is completed, the spliceosomeis
rearranged to a conformation that promotes the second step while inhibiting the first step.
Recently, it was shown that under certain salt conditions both steps of splicing can be
reversed®. This lends support to the model proposed by Query and Konarskain that while
under normal conditions the forward reactions are favored, the spliceosome can still perform
the reverse reactions. If the model is correct it will be of great interest to find the factors
required to ensure that the splicing reaction favors moving forward over going backwards.
However, the ability to go back and forth between the two steps may allow for a proof-
reading mechanism in the event that the spliceosome makes a mistake.

A major effort has been made to identify a catalytic activity of Prp8. Since the protein
interacts with all the critical RNA elements required for splicing and appears to be involved
in the transition between the two steps of splicing, thereislittle doubt that it isan
indispensable protein for the reaction. Three independent groups recently solved the crystal
structure of a central domain of both the human and yeast Prp8°%-52, which has furthered
our understanding of the role Prp8 playsin splicing. The groups all crystallized a similar
domain, which contains the region that cross-links with the 5" splice site of the pre-mRNA.
The structureis similar to a mitten containing a palm region, fingers and a flexible thumb
region which consists of a B-finger. The most striking feature is the protruding thumb or B-
finger, which is reminiscent of many ribosomal proteins®2, and likely interacts with other
proteins or RNA similar to the protrusions of ribosomal proteins. Interestingly, Prp8
mutations that effect the equilibrium between the two steps of splicing® are located in the
B-finger. The fragment of Prp8 adopts afold similar to that found in the catalytic core of
RNase H>3, athough lacking key catalytic residues. Proteins, including Prp8, that contain
this RNAse H fold al contain asimilar five-stranded p-sheet and three corresponding a.-
helices surrounding the sheet. Pena et al. (2008)>° derived amodel for the binding of the 5’
splice site RNA with Prp8 by comparison to the RNase H-substrate complex. Significantly,
the model agrees with both genetic and biochemical datain regard to the interactions of Prp8
and the pre-mRNA.

The RNase H fold seemsideal for facilitating the RNA rearrangements that are proposed to
be governed by Prp8. Interestingly, while Yang et a. (2008)°2 found the domain of Prp8
only binds RNA weakly, Ritchie et al. (2008)°! found that Prp8 had a higher affinity for
duplexes and a 5-10 fold greater affinity for an RNA containing a four-helix assembly
resembling the fold of U2 and U6 snRNAs in the catalytic core?>. Luhrmann and colleagues
also identified residues within the RNase H fold that may be involved in the catalysis of
splicing by potentially assisting RNA residues in coordinating a catalytic metal ion®.
However, Yang et al. (2008)32 provided evidence that at least one of these residues is
important for Prp8 stability, and perhaps not catalysis. Indeed, attempts by all three groups
failed to show any ability of Prp8 to bind divalent metal ions. Further work is required to
determine whether the U2-U6 duplex works in concert with Prp8 to catalyze splicing.

Identification of proteins in the catalytically active spliceosome

Ever since splicing was discovered work has been done to identify the protein factors
needed for assembly of afunctional spliceosome. The last ten years have seen numerous
attemptsto identify all the splicing factors by mass spectrometry. The first studies, using
heterogeneous populations of spliceosomes purified at different stages of splicing identified
over 200 proteins!? 13, Recently, Luhrmann and colleagues purified and identified proteins
from the B and C complexes® by using a bi-molecular system first established by Anderson
and Moore (1997)35, which enables the study of the second step of splicing. Strikingly, the
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purified C complexes were fully active for the second step of splicing. By comparing the
proteins identified in the different spliceosome, preparations, Bessnov et al. (2008)%
provided new insight into which proteins associate with the spliceosome at different stages.
Supporting previous work, they found that SF3a and SF3b, while strongly associated with B
complex, were under-represented in C complexes, and more importantly were completely
absent form salt-treated C complexes. SF3a and SF3b are known to be required for U2
snRNA association with the branch site. This raises the possibility that the U2 snRNA-
branchpoint interaction is not required for the second step of splicing. Indeed, recent work in
yeast10 showed that in the presence of amutated 3" splice site U2 can be used asa 3’ splice
site, suggesting that its interaction with the branchpoint is disrupted during the transition
from the first to second step.

One of the more interesting results from the above analysis® was the identification of the
few proteins found when C complex was purified under high salt conditions. Besides a
number of U5 snRNP associated proteins, including Prp8, the vast majority of the proteins
were from the PRP19 complex and PRP19 related factors. First discovered in 1994%, the
PRP19 complex was later shown to be required for the stable association of U5 and U6 with
the spliceosome after U4 dissociates®’. The highly stable association of the PRP19 complex
with the C complex reflects its requirement for U5 and U6 stabilization. Furthermore, the
number of PRP19 associated factors may indicate a supporting role for these proteinsin
stabilizing C complex. The ability to purify spliceosomes at different stages will hopefully
lead to a clearer picture of the requirements for splicing progression. The purified
spliceosomes can also be used for structural studies as well as potentially x-ray
crystallography experiments that will help elucidate the architecture of the spliceosome and
further our understanding of how the splicing reaction works.

Protein modifications and splicing

Aswith most complex processesin the cell, post-tranglational protein modifications play
important roles in splicing. Several examplesindicate that phosphorylation and
dephosphorylation play significant roles in modulating transitions in the spliceosome during
catalysis. Recently, Luhrmann and colleagues showed that the protein kinase SRPK2 is
associated with the U4.U6/U5 tri-snRNP and is required for B complex formation®8. They
further showed that the kinase is needed to phosphorylate PRP28, a U5 snRNP component
that is required for the dissociation of U1 from the 5" splice site®®, and that this
phosphorylation is required for the protein’ s stable association with the tri-snRNP and for
tri-snRNP integration into complex B. Another study showed that dephosphorylation is
required for the second step of splicing®. The phosphatases PP1 and PP2A were found to be
required for the second step, to associate with the spliceosome, and to dephosphorylate the
U2 and U5 snRNP components SAP155 and U5-116 kDa, respectively. Thiswas proposed
to facilitate essential structural rearrangementsin the spliceosome during the transition from
the first to the second step. These and other studies indicate that phosphorylation plays a
significant rolein splicing by controlling the activity of several important spliceosomal
proteins.

Therole for phosphorylation at different steps of splicing leads to the question of whether
other post-trandlational modifications are involved in splicing. A recent study investigated
the possible role of ubiquitin in splicing®l. Ubiquitination of proteinsis known to be
involved in many cellular processes, and besides targeting proteins to the proteasome has
been shown to be able to affect a protein’ s function®2. Using a ubiquitin mutant that can
enter the conjugation pathway but is unable to function, Bellare et al. (2008)61 found that
ubiquitin is required for splicing. The mutant ubiquitin inhibited splicing by reducing the
levels of tri-snRNP. Further investigation showed that ubiquitin is required to repress U4/U6
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unwinding. Since it was previously shown that Prp8 binds ubiquitin viaits Jabl/Mpn
domain®3, the authors examined whether Prp8 isinvolved, and found that Prp8 is
ubiquinated within purified tri-snRNPs. It has been suggested that Prp8 can stabilize various
tertiary RNA interactions in the spliceosome as well as facilitate formation of the catalytic
corel4, and ubiquitin may play arolein stabilizing the snRNPs. Ubiquitin binding has been
proposed to modulate intermolecular protein interactions as well as ater protein function64.
Bellare et al. (2008)%1 propose that the ubiquitination of Prp8 aters its ability to activate the
helicase Brr2. It is possible that the ubiquitin status of Prp8 mediates how Prp8 interacts
with other splicing factorsin stabilizing the catalytic core.

The splicing reaction takes place in alarge complicated machine that requires regulation in
order for splicing to proceed correctly. The reaction is catalyzed by RNA or perhaps by
RNA with the help of proteins, in al likelihood U2 and U6 snRNA with the aid of Prp8.
While the two reactions are chemically simple, due to itsimportance splicing requires close
to 200 proteins to ensure that it proceeds with exquisite accuracy, and can be effectively
regulated and coupled with other cellular processes. These proteins are needed to form a
catalytically active spliceosome and for the rearrangements required for the conversion from
the first step to the second. Post-translational modifications of various splicing factors play
an important role in splicing regulation. The further purification of spliceosomes stalled at
specific stages will allow for the identification of the components needed for each step as
well as allow for structural studies to understand how the splicing reaction proceeds. The
protein-free RNA based systems already established?8: 31 can be complemented with
different proteins to determine their role in splicing catalysis. The further development of
minimal RNA-based systems that recapitul ate the second step or both steps of splicing will
allow for the study of the individual contribution of protein factorsto catalysis.
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Figure 1. Pathway of pre-mRNA splicing

A) Schematic of pre-mRNA highlighting the sequences required for splicing. B) The two
steps of the splicing reaction, with the 2" OH of the branched adenosine, are shown. The red
arrow indicates the two nucleophilic attacks required for splicing. In the first step, the 2" OH
of the branched adenosine attacks the 5 splice site resulting in afree exon | and the intron
lariat-exon 11 intermediate. In the second step, exon | attacks the 3" splice site, resulting in
ligated exons and an excised intron lariat.
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Figure 2. U2 and U6 snRNA are extensively base-paired in the catalytically active spliceosome

The proposed base-pairing interactions between the central do

mains of human U2

(turquoise) and U6 (yellow) snRNAS are shown, along with the pre-mRNA (blue). The

interactions between the 5" splice site and U6 snRNA and the

interaction between the

branch site and U2 snRNA are depicted with the bulged adenosine branch point indicated in
red. The base-paired helices |, I, and Il and the intramolecular stem-loop of U6 are shown.
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Figure 3. The protein-free RNA based splicing system

A) Base-pairing interactions in the in vitro-assembled complex of human U2-U6 snRNASs
and a branchsite consensus-containing RNA oligonucleotide (Br). A 5" splice site oligo
(blue) that was linked to U6 for useinthe RNA Y system is shown with the proposed exon
boxed. B) Proposed chemistry of RNA X. RNA X was shown to contain a covalent linkage

of the branch oligo (shown in pink) with U6 (shown in yellow), by an unusual

phosphotriester bond linking the 2”OH of the bulged adenosine of the branch site and a

phosphate in the catalytically important AGC triad of U6.
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