
The spliceosome: caught in a web of shifting interactions
Saba Valadkhan
Splicing is a crucial, ubiquitous and highly complex step in

eukaryotic gene expression. The daunting complexity of the

splicing reaction, although fascinating, has severely limited our

understanding of its mechanistic details. Recent advances

have begun to provide exciting new insights into the dynamic

interactions that govern the function of the spliceosome, the

multi-megadalton complex that performs splicing. An emerging

paradigm is the presence of a succession of distinct

conformational states, which are stabilized by an intricate

network of interactions. Recent data suggest that even subtle

changes in the composition of the interaction network can

result in interconversion of the different conformational states,

providing opportunities for regulation and proofreading of

spliceosome function. Significant progress in proteomics has

elucidated the protein composition of the spliceosome at

different stages of assembly. Also, the increased sophistication

and resolution of cryo-electron microscopy techniques,

combined with high-resolution structural studies on a smaller

scale, promise to create detailed images of the global structure

of the spliceosome and its main components, which in turn will

provide a plethora of mechanistic insights. Overall, the past two

years have seen a convergence of data from different lines of

research into what promises to become a holistic picture of

spliceosome function.
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Introduction
A fascinating feature of eukaryotic genomes is the abun-

dance of non-coding intervening sequences, or introns,

which frequently interrupt functional genes and thus

need to be removed before genetic information can be

used by the cell. Any mistake in the process of recognition

and removal of introns, or splicing, would lead to an

altered genetic message and thus has potentially cata-

strophic consequences. Commensurate with its critical

role, the spliceosome, the molecular assembly that per-
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forms the splicing reaction, is one of the largest and most

sophisticated cellular machines, consisting of over 200

different proteins and five small nuclear RNA molecules

(snRNAs) [1,2]. The spliceosomal components create a

highly complex and dynamic network of RNA–RNA,

RNA–protein and protein–protein interactions, which

undergo extensive remodeling during each splicing cycle.

Splicing is performed through two consecutive transes-

terification reactions (Figure 1). During the first step, the

20-hydroxyl of a conserved adenosine residue, the branch

site adenosine, carries out a nucleophilic attack on the

upstream boundary of the intron — the 50-splice site. The

result of this reaction is the release of the upstream coding

region, or exon, and formation of a lariat intron. The

30-hydroxyl group of the newly released exon carries out a

nucleophilic attack on the downstream boundary of the

intron (the 30-splice site), resulting in release of the lariat

intron and ligation of the two exons. Although three

decades of intense research has provided us with an

outline of several of the interactions involved in spliceo-

some assembly, splice site fidelity and regulation of

spliceosome function, it has previously not been possible

to develop a unified picture from these seemingly dis-

parate data. This review focuses on the advances made in

the past two years, which have helped coalesce a large

body of information into a single model for spliceosomal

function. It also touches upon the recent progress in

structural biology efforts that aim to complement the

genetic and biochemical approaches by defining the global

structure of the spliceosome in various conformational

states.

Kinetic proofreading: a recurring theme in
spliceosomal quality control
A crucial insight into spliceosomal function came from

genetic studies indicating that mutations that slowed

the rate of ATP hydrolysis of a spliceosomal

RNA-dependent helicase, Prp16, resulted in a decrease

in fidelity of the first step of splicing [3,4]. This result was

best explained by a kinetic proofreading model that

stated that Prp16 acts as a timer for the first step of

splicing by changing the conformation of the spliceosome

active site from one suitable for catalysis of the first step to

another that favors second step catalysis. As suboptimal

splicing substrates would take longer than optimal sub-

strates to perform the first step of splicing, they would not

be able to undergo the first step before the Prp16-

mediated conformational change and thus would be dis-

carded. Mutations that slow ATP hydrolysis by Prp16

would allow the suboptimal substrates to undergo the first

step of splicing, thereby reducing fidelity. Although this

was a very attractive model for the role of spliceosomal
www.sciencedirect.com
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Figure 1

The spliceosomal cycle. The identity of the factors responsible for the fidelity of each step is indicated. The shape of the spliceosomal

complexes has been taken from cryo-EM studies [1,27�,31].
helicases, until recently no other examples of such a

mechanism were known.

Recently, Staley and co-workers [5��] provided evidence

of a very similar mechanism controlling the fidelity of the

second step of splicing. Mutants of another spliceosomal

helicase, Prp22, not only allowed mutant 30-splice sites to

undergo the second step, but they also helped aberrant

intermediates resulting from mutations in the 50-splice

site or branch site undergo the second step more effi-

ciently, indicating a general improvement in the effi-

ciency of the second step of splicing. Interestingly,

Prp22 alleles that showed this effect had impaired

ATPase or RNA ‘unwindase’ activity, suggesting that

an ATP-dependent conformational switch mechanism

is probably involved. Similar to the role of Prp16 in the

first step, wild-type Prp22 probably causes a confor-

mational switch in the spliceosome that occurs before

the slow-reacting, suboptimal substrates undergo the

second step. Thus, there is kinetic competition between

the Prp22-induced conformational change and the speed

of catalysis of the second step of splicing; this ensures the

fidelity of this step [6]. Mutants of another spliceosomal

helicase, Prp43, which is involved in disassembly of the

spliceosome, also suppress spliceosome activation defects

in an ATP-dependent way, consistent with a general role

for helicases in spliceosomal quality control (Figure 1)

[7,8].

A Yin/Yang model for the spliceosome
active site
Consistent with the above model, two recent studies

[9,10�] have shown that several mutations of spliceosomal

factors Prp8, Prp16, ISY1 (a component of the Prp19

complex) and U6 snRNA can result in a general im-

provement in the rate of either the first or the second

step of splicing, at the expense of repressing the other

step. Many of these mutants were able to suppress the

splicing defects of a wide variety of suboptimal substrates,

indicating lack of allele specificity. These results, which

recapitulate a large body of previous data from individual

mutants, are consistent with the presence of two mutually
www.sciencedirect.com
exclusive conformational states of the active site during

the two steps of splicing. Mutations of splicing factors can

result in the disruption of interactions that stabilize one of

these two states, resulting in an altered balance between

them. This can result in the spliceosome active site being

selectively stabilized at the first or second step confor-

mation, over-riding the function of the kinetic proofread-

ing timers and resulting in a general increase in the rate of

that step for suboptimal substrates. Konarska and Query

[9,11] suggest that the effect of these spliceosomal

mutations mimics mutations that affect the decoding of

tRNA by the ribosome, which similarly depends on a

balance between open and closed conformations. A large

number of mutations of ribosomal factors seem to modu-

late this balance [11]. Thus, kinetic proofreading by

altering the balance between different conformational

states might be a common quality control mechanism

for large cellular machines.

Remodeling the active site during the
transition between the two splicing steps
The above-mentioned model is highly appealing because

it provides an explanation for a large number of appar-

ently unrelated data and ties them together in a unified

theory for the function of the spliceosome active site.

Recently, two groups have provided tangible evidence for

the existence of mutually incompatible conformational

states of the active site. Using a genetic approach,

Konarska et al. [12��] showed that, whereas base-pairing

interactions between the 50-splice site and the catalyti-

cally crucial ACAGAGA domain of U6 snRNA (Figure 2)

are required for the first step of splicing, they cause a

decrease in the efficiency of the second step. Mutations

that reduced the complementarity between U6 and pos-

itions +3 and +4 of the 50-splice site (Figure 2) resulted in

a general increase in the efficiency of the second step of

splicing for a wide variety of suboptimal second step

substrates. These results suggest that the interactions

that position the 50-splice site in the spliceosome active

site for the first step of splicing have to be broken before

the second step can take place; thus, at least part of the

remodeling between the first and second step confor-
Current Opinion in Structural Biology 2007, 17:310–315
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Figure 2

The active site conformational change during the transition between the first and second steps of splicing. The U6 and U2 snRNAs are shown as

black lines. The ACAGAGA box and the conserved uridine residue in the intramolecular stem-loop of U6 are shown as letters. The pre-mRNA is

shown in dark blue (exons) and light blue (introns). The base-pairing interactions are shown by short bars. The interactions between positions

+3 and +4 of the 50-splice site and U6 [12��] are shown by red bars. Red arrows mark the direction of the nucleophilic attack in (a) the first or

(b) the second step of splicing. The green star marks the location of the tethered hydroxyl radical source [13��]. The sites of hydroxyl radical

cleavage are shown by green arrowheads.
mations can be attributed to the differential positioning of

the substrates in the active site.

An interesting remaining question is whether, in addition

to a shift in the positioning of the substrate, other

elements of the active site are also significantly remo-

deled during the transition from the first to the second

step beyond the changes necessary to accommodate the

reactants of the second step in the active site. Recent

evidence against large-scale remodeling is provided by

results from hydroxyl radical probing of the vicinity of

nucleotide +10 of the 50-splice site in fully assembled

spliceosomes and spliceosomes stalled immediately

before the second step of splicing, which have most

probably undergone the second step conformational

change [13��]. These experiments indicated that, whereas

the conserved ACAGAGA box and intramolecular stem-

loop of U6 (Figure 2) were cleaved both before and after

the first step, there is a minor shift in the area targeted by

hydroxyl radical cleavage (Figure 2). Together with

previous data [2,14], these results suggest that, although

clear remodeling occurs in the spliceosomal active site

between the two steps of splicing, the global architecture

of the active site is likely to be preserved.

Orchestration of the spliceosomal cycle: an
intricate web of protein–protein interactions
Recent data from Staley and co-workers [15��] suggest

that two spliceosomal proteins, Snu114 and Brr2, act as

regulatory switches during two remodeling steps in the

splicing reaction: the dissociation of di-snRNP U4/U6

(which contains snRNAs U4 and U6 along with their
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associated proteins) before spliceosome activation and

the disassembly step after the second step of splicing.

In fact, Snu114 seems to act as a classic regulatory G

protein, as both U4/U6 dissociation and spliceosomal

disassembly are blocked when Snu114 is bound to

GDP, whereas GTP binding releases the block. The

exact role of GTP hydrolysis in these reactions remains

to be established [15��,16,17]. Snu114 probably exerts its

effect through Brr2, a U5-associated helicase that is a

strong candidate for directly executing dissociation and

disassembly. However, there is a strong possibility that

several other spliceosomal factors, including Prp8, play a

role in this regulatory pathway [1,17,18]. The highly

elaborate network of protein–protein interactions uncov-

ered by recent studies is indicative of a complexity far

beyond a simple linear regulatory network [1,17–

19,20�,21�]. Rather, current data suggest the presence

of highly complex feedback loops, two-way signaling,

signal convergence and integration, and a high level of

cooperativity in the active site (Figure 3). Recent results

indicating the functional importance of a ubiquitin-bind-

ing domain of Prp8 suggest a role for post-translational

modifications in splicing, which may add yet another level

of complexity to splicing regulation [15��,17,22].

An intricate web of RNA-mediated
interactions
Genetic and biochemical analyses in vitro and in vivo
have indicated the presence of an equally elaborate

RNA–RNA and RNA–protein interaction network in

the spliceosome (Figure 3) [1,2]. The crucial role

of snRNAs in splicing, and mechanistic and structural
www.sciencedirect.com
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Figure 3

The network of interactions between several elements of the spliceosomal active site. The fragmentation pattern used in yeast two-hybrid assays

[20�] is indicated for each protein. The C and N termini of each protein are shown. The identity of protein domains present in protein fragments

is indicated. The thunderbolts refer to interactions proven by UV cross-linking [25�,32]. Adapted from [20�] with permission.
similarities to self-splicing group II introns suggest that the

snRNAs form most, if not all, of the spliceosomal active site

([1,23]; M Mohammadi and S Valadkhan, unpublished).

Thus, the net effect of many of the spliceosomal confor-

mational rearrangements is likely to be the remodeling of

the RNA elements, which will result in regulation of

catalysis. A good candidate for mediating the transmission

of regulatory signals to the RNA elements of the active site

is the highly conserved protein Prp8, which forms exten-

sive interactions with all active site RNA elements and

several spliceosomal proteins (Figure 3) [21�,24]. In a

recent study, Newman and colleagues [25�] used a novel

transposon-mediated protein dissection method to map

the areas in Prp8 that directly contact several active site

RNA elements. Interestingly, most of these contact sites

are clustered in three regions in the middle third of Prp8

(Figure 3). It is conceivable that these sites might be

the end point of the spliceosomal rearrangements,

where the regulatory signals converge and are communi-

cated to the spliceosomal active site.

Toward a global structure of the spliceosome
Structural studies of the spliceosome are greatly hindered

by its dynamic nature and very large size; however, in

recent years, cryo-electron microscopy (cryo-EM) studies

of the spliceosome have provided a first glimpse of the

global structure of the snRNPs and the spliceosomal

complexes, albeit at low resolution [26]. A recent cryo-
www.sciencedirect.com
EM structure of the U4/U6–U5 tri-snRNP (which con-

tains U4, U5 and U6 snRNAs plus many crucial spliceo-

somal proteins, including Prp8, Snu114 and Brr2) not only

made it possible to determine the position of U4/U6 and

U5 and their mode of interaction with each other in the

tri-snRNP complex, but also permitted the identification

of the position of structural features of the U5 snRNA in

the tri-snRNP complex via labeling studies [27�]. Further

development of the labeling methods, combined with the

availability of high-resolution structures of an increasing

number of spliceosomal components [28,29], promises to

provide a much more detailed global structure of the

spliceosome; this will, in turn, provide invaluable insights

into spliceosomal dynamics and function.

Conclusions
The past two years have seen the spliceosome field

moving toward developing a global paradigm for spliceo-

some function. The new models, in addition to explaining

the existing data, create a framework for future mechan-

istic studies of the spliceosome. Significant progress in the

purification of spliceosomes in various functional states,

combined with advances in proteomics, has permitted us

to define the spliceosomal factors recruited at each stage

and has made it possible to perform in vitro complemen-

tation studies [5��,15��,30]. These technical advances

have made it possible to address a wide range of questions

on spliceosome function, including the requirements for
Current Opinion in Structural Biology 2007, 17:310–315
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spliceosome activation and progression through the spli-

ceosomal cycle. Together with the increasing sophisti-

cation and resolution of structural studies on the

spliceosome, the next few years will witness major

advances in our understanding of this highly complex

cellular machine.

Update
Two recent papers from the Ares [33�] and Staley [34�]
laboratories indicate that the U2 sequences downstream

of the branch-binding site undergo a number of function-

ally important conformational rearrangements between

two mutually exclusive stem structures throughout the

splicing cycle, thus proving the presence of yet another

set of dynamic interactions in the spliceosome. In addition,

Pena et al. [35�] recently obtained high-resolution struc-

tural data for an hPrp8 fragment that encompasses a

Jab1/MPN-like domain. Yeast two-hybrid analyses suggest

that mutations in the C-terminal amino acids of hPrp8,

which lead to hereditary blindness in humans, alter the

interaction of Prp8 with hBrr2 and hSnu114.
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