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snRNAs as the catalysts of pre-mRNA splicing

Saba Valadkhan

The spliceosome, the gigantic molecular machine that
performs pre-mRNA splicing in eukaryotes, contains over 200
different proteins and five RNA molecules. The central role
played by the spliceosomal RNAs in splicing has led to the
hypothesis that, like the ribosome, the spliceosome is an
RNA-centric enzyme and a relic from the RNA world. Recent
structural studies have provided the first glimpses of the
structural features of spliceosomal RNAs, and mutational
analyses in vivo and in vitro have uncovered new functional
roles for a catalytically essential domain. An emerging model
for the active site of group Il introns, a closely related class of
natural ribozymes, is likely to provide a wealth of insights on
structure and function of the active site of the spliceosome.
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Introduction

Removal of the intervening sequences (introns) from pre-
mRNAs is a crucial and ubiquitous step in eukaryotic
gene expression. Almost all primary transcripts undergo
multiple splicing events, and alternative splicing and its
regulation play a central role in cellular homeostasis.
Commensurate with its critical role, the spliceosome,
the gigantic ribonucleoprotein assembly that performs
splicing, is the largest and most complicated cellular
machine known. The spliceosome is composed of over
200 different proteins and five RNA components (U1, U2,
U4, U5 and U6 small nuclear RNAs, or snRNAs) that form
a dynamic and elaborate network of RNA-RNA, RNA-
protein and protein—protein interactions [1]. The snRNAs
are highly conserved and play a central role in all aspects
of the splicing reaction. The 5 splice site and branch site
are recognized partially via base-pairing interactions with
Ul and U2 snRNAs, respectively. Subsequently, U6
snRNA replaces Ul at the 5 splice site, and forms a
base-pairing interaction with U2 snRNA that juxtaposes

the 5’ splice site and branch site, the reactants of the first
of the two transesterification reactions of splicing. Finally,
the two exons are bound and kept in alignment partially
via interactions with a conserved loop in U5 snRNA [2,3]
(Figure 1).

In addition to binding and coordinating the splice sites
and the branch site, the snRNAs are implicated in cat-
alysis of the splicing reactions [4,5]. Mutagenesis data
have defined two catalytically crucial domains in U6 —
the evolutionarily invariant ACAGAGA box and the AGC
triad (Figure 1) — where mutations lead to a block to the
first or second step of splicing. In addition, phosphor-
othioate backbone substitutions in several positions in U6
are incompatible with splicing, and at least in one case
(U6 position 74, Figure 1), the substituted phosphate was
shown to be involved in a direct interaction with a
functionally important divalent cation [4,6]. Interestingly,
an NMR study on the intramolecular stemloop (ISL) of
U6 provided evidence for the intrinsic ability of U6 ISL to
bind a divalent metal ion at this position [7]. Taken
together, the above data clearly indicated that protein-
free snRNAs were capable of binding functionally impor-
tant metals that could be potentially used in catalysis of
splicing reactions, thus, strengthening the case for RNA
catalysis in the spliceosome. This review focuses on
progress over the past two years in understanding the
structure and function of spliceosomal snRNAs and their
possible catalytic role in the spliceosome.

Role of metal ions in splicing catalysis

As mentioned above, it has been shown that a conserved
stemloop in U6 snRNA binds a functionally required
divalent cation. Interestingly, there is strong evidence
for the involvement of metal ions in splicing catalysis
from phosphorothioate substitution studies in pre-
mRNA, where thio substitution of either the Rp or the
3/-linked oxygen at the 5’ splice site resulted in a block to
splicing [8,9]. Intriguingly, splicing of the 3'-linked thio-
substituted pre-mRNA could be rescued by the addition
of thiophilic metal ions, proving direct coordination of the
metal to this oxygen, which is the leaving group in the first
step of splicing [9] (Figure 1). The coordinated metal can
assist the departure of the leaving group by stabilizing the
negative charge developing on the leaving oxyanion,
consistent with the proposed catalytic strategy for ribo-
zyme-catalyzed phosphoryl transfer reactions [10-12].
The other functional groups involved in the positioning
of this metal ion are not known, but crosslinking studies
have provided evidence for the proximity of the ACA-
GAGA catalytic domain to the 5’ splice site. Interestingly,
thio substitutions at several positions in ACAGAGA result
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Figure 1
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RNA-RNA interactions in the spliceosome catalytic core. The base-pairing interactions between U6, U2 and U5 snRNAs and the pre-mRNA are
shown. The location of U6-U2 helices I, Il and Ill and the U6 intramolecular stemloop (ISL) are indicated. The invariant ACAGAGA and AGC
catalytic domains in U6 are highlighted in yellow. Red arrowheads mark the sites of backbone phosphorothioate interference. Insets show the

known metal binding sites in U6 and pre-mRNA in greater detail.

in a block to splicing (Figure 1). One can speculate that in
the folded structure of U6, the metal binding domain of
the ISL might also be positioned close to the splice sites
and contribute to formation of the active site (see below).

The case for RNA-based catalysis in the spliceosome is
further strengthened by the parallels between the spli-
ceosome and group Il introns, self-splicing ribozymes that
catalyze a reaction mechanistically identical to that cat-
alyzed by the spliceosome [13] (Figure 2). Intriguing
structural and functional similarities between the U6
ISL and the catalytically crucial domain V of group II
introns makes it likely that the active site and the catalytic
strategies used in the two systems are closely related. It is
thought that group Il-like introns were the evolutionary
ancestors of the modern spliceosome with some of their
RNA elements replaced by proteins during the course of
evolution.

Whether or not any of the protein factors in the spliceo-
some participate in catalysis remains unknown. The most
likely candidate, Prp8/p220, is the most conserved protein
in the spliccosome and crosslinking and mutagenesis data
have shown that it comes in contact with both 5 and 3’

splice sites and the branch site [14]. Current data point to
a dual fitter/coordinator role for Prp8/p220 in the spliceo-
some. On the one hand, evidence suggests that Prp8
provides a structural scaffold for exact positioning of
various elements of the active site. On the other hand,
through its extensive interactions with the other spliceo-
somal proteins, Prp8/p220 probably plays an important
role in coordinating the progression of the catalytic cycle
of the spliceosome. However, an additional catalytic role
for Prp8/p220 has not yet been ruled out.

Solution structure of a fragment of yeast
U6-U2 snRNA complex

Butcher and colleagues [15°°,16-18] have determined the
solution structure of a fragment of yeast U6-U2 complex
that contains the U6 ISL and surrounding regions. Inter-
estingly, they found that this region of the U6-U2 com-
plex forms a four-way junction that bears similarities to
the proposed structure for human U6-U2 complex [19]
and domain V of group II introns (Figures 2 and 3). In this
structure, the U6 ISL contains additional base-pairs at the
base of the stemloop that incorporate the catalytic AGC
triad into the ISL, in a position identical to the AGC triad
in domain V. Additionally, the longer U6 ISL shows
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Structural parallels between (a) group Il introns and (b) spliceosomal snRNAs. Homologous structures in the two systems are highlighted in
the same color. Location of the AGC triad, branch site adenosine and Mg®* binding site are indicated in both systems. Domain V and U6 ISL
are in red, and the exon-binding sequences (EBS1, 2 and 3) and U5 are in orange. Exons are shown in magenta and branch site regions in

the two systems are in blue and green.

strong similarities in size and the overall structure to the
solution structure of domain V [20], however, there are
important differences in the asymmetric bulge region
between the two structures. Formation of this elongated

ISL is mutually exclusive with the structure proposed on
the basis of genetic studies in yeast [2], in which the AGC
triad forms a short helix (helix Ib) with U2 (Figure 3). Itis
likely that in yeast spliceosome helix Ib is stabilized by
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Comparison of the proposed structures for the U6 intramolecular stemloop (ISL). (a) Solution structure of a fragment of yeast U6—-U2 complex
as determined by NMR. (b,c) Structure of the central domain of U6-U2 complex in (b) yeast and (c) human as determined by genetic

complementation studies in vivo.

proteins, because the autonomous folding of the RNA is
incompatible with its formation. Butcher ez 4/. proposed a
model in which formation of helix Ib is driven by proteins
during the structural rearrangements between the two
steps of splicing. This model is appealing because it also
reconciles the difference between the human and yeast
U6-U2 structures deduced by genetic interactions. Intri-
guingly, computer modeling on a larger fragment of U6-
U2 shows that the four-way junction folding has the
potential to bring the metal-binding region of the U6
ISL (nucleotide U74) to the vicinity of 5’ splice site and
the catalytic ACAGAGA domain. Thus, similar to the
hairpin ribozyme, a four way junction in the U6-U2
complex might contribute to the formation of the active
site of the splicing reaction [21,22].

The AGC catalytic triad revisited

A mutagenesis study /z vivo by Staley and colleagues
[23°°] has provided further evidence for the catalytically
crucial role of the AGC triad and the base-pairing inter-
actions of this domain in the yeast spliceosome. Using a
well-characterized genetic assay in yeast, the authors
incorporated compensatory mutations that would be com-
patible with formation of either helix Ib or incorporation
of the AGC into the base of an extended U6 ISL
(Figure 3). Mutation of the A residue to C or G could
be efficiently suppressed by a complementary mutation
in U2 that would restore the formation of helix Ib,
whereas complementary mutations that would allow
the formation of an extended U6 ISL were not viable.

Likewise, mutations in the G were not suppressed by
compensatory mutations that restored the formation of an
extended U6 ISL, but a G to A mutation in the AGC triad
could be suppressed with a C to U mutation that restored
helix Ib. Other point mutations in G could not be sup-
pressed by compensatory mutations. This result is in
agreement with previous mutagenesis data, which
showed that the G to A mutations in the AGC triad
generally have milder effects than other mutations at this
position [24,25]. Mutations of the C of the AGC triad were
mostly well tolerated. Whether suppression of the lethal
AGC mutant phenotypes resulted from an enhancing
effect on the first or the second step of splicing remains
to be determined. However, the extreme sensitivity of
the G in the AGC triad to mutations is similar to the
observed effect in group II introns [26], consistent with a
catalytic role for this nucleotide.

A Minimal U6/U2 splicing system

Direct probing of the catalytic potential of protein-free
spliceosomal snRNAs has shown that snRNAs do indeed
possess intrinsic splicing-related catalytic activity. An iz
vitro-assembled, protein-free human U6-U2 complex was
incubated with a short RNA oligonucleotide that con-
tained the branch site consensus sequence [27,28°]. The
5’ splice site substrate was absent in this minimal system.
Intriguingly, the U6-U2 complex could catalyze a spli-
cing-related reaction that resulted in a covalent linkage
between the branch site adenosine, the reacting group of
the first step of splicing, and the AGC triad. The reaction
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was dependent on the presence of Mg?* in the buffer, the
branch site consensus sequence and the ACAGAGA and
AGC catalytic domains. Although the chemistry of the
reaction was different from the first step of splicing, the
parallels between the two reactions were intriguing.
Despite their small size, protein-free U6 and U2 could
recognize and bind the branch site substrate, one of the
two substrates of the first step of splicing. Additionally,
they could form part of the active site of the first step of
splicing by juxtaposing the catalytic AGC triad and the
branch site adenosine and catalyzing a reaction between
the two without the help of proteins. Thus, spliceosomal
RNAs have intrinsic splicing-related catalytic activity,
consistent with an RNA active site in the spliceosome.
However, the minimal size of the snRNAs suggests that
spliceosomal proteins play a significant role in modulating
the kinetics of the reaction. In the most likely scenario,
the snRNAs form the catalytic core of the spliccosome,
with a myriad of protein factors fine-tuning the folding of
the active site, the positioning of the substrates, and the
progress of the splicing reaction from the first to the
second step.

Supporting the above hypothesis, Query and Konarka
[29°] have shown that the ability of Prp8 to suppress
multiple mutations in both 5" and 3’ splice sites and the
branch site probably stems from its role as the gatekeeper
at a fidelity checkpoint between the first and second step
of splicing. In a genetic screen in yeast for suppressors of a
branch site mutation, the authors isolated Prp8 alleles that
not only could suppress branch site mutants, but could
also suppress mutations at the 5" and 3’ splice sites. A re-
examination of previously isolated Prp8 suppressors of
splice site mutations showed that those Prp8 alleles also
shared the ability to suppress mutations in branch site and
both splice sites via improving the efficiency of the
second splicing step. These data suggest that the Prp8
suppressor alleles probably act by affecting the transition
of the catalytic core between the two steps of splicing and
not via direct participation in catalysis.

An active site model for group Il introns

In a recent study, Pyle and co-workers [30] provided
evidence for novel interactions at the active site of the
group II introns by studying the effect of deletion of small
fragments of domains II and III of a group II intron
(Figure 2) on catalysis. The authors demonstrated a
significant rate enhancement effect for domain III, and
proved a novel role for domain II in the positioning of the
5" splice site, domain III, and other active site elements,
which is suggestive of a stepwise, hierarchical assembly
pathway for the group II intron active site. Such ordered,
intricate RNA-RNA interaction networks are reminis-
cent of similar interaction networks in the spliceosome.
Interestingly, another interaction involving domain IT is
thought to play an important role in a conformational
rearrangement between the two steps of splicing in group
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IT introns, indicating yet another exciting new parallel
between the spliceosome and group II introns.

Drawing on their recently published structural data
[31°°], de Lencastre ez al. proposed a model for the active
site of group Il introns that also incorporates all previously
characterized structural constraints [13]. Using a UV
crosslinking approach, the authors demonstrated novel
long-range interactions at the active site of a group II
intron that juxtaposed the splice sites with the known
catalytic domains. In addition, several other intronic ele-
ments were shown to be required for the architecture and
function of the active site. Taken together, the wealth of
available data on group II intron catalysis and the detailed
model developed by de Lencastre ¢z 4/. provide promising
tools for guiding future mechanistic and structural studies
on group II intron catalysis and elucidation of the func-
tional relationship between the group II introns and the
eukaryotic splicing machines.

Conclusions and perspective

The past two years have seen the spliceosome catalysis
field revisiting old, unsolved problems and tackling chal-
lenging questions. Significant progress on determination
of the structure of catalytic core of the spliceosome and
group Il introns has been made, and evidence for catalytic
potential of spliccosomal RNAs is accumulating. Struc-
tural studies on folding of larger fragments of U6-U2
complex in human and yeast and further characterization
of the catalytic potential of protein-free snRNAs promise
to answer the question of the identity of spliceosomal
active site. The role of the snRNAs in catalysis of the
second step of splicing remains to be determined.

Update

Recent work by Nielsen and colleagues [32°°] has shown
that a group I-like ribozyme in the slime mold Didymium
Iridis catalyzes the formation of a 2’-5' linkage between
the first and the third nucleotide of its mRNA. This
reaction, which is coupled to the cleavage of this mRNA
from the 3’ end of the ribozyme, resembles the first step of
splicing in eukaryotic spliceosome and group II introns.
Discovery of 2’-5" branching activity in an evolutionarily
unrelated natural ribozyme suggests that branching may
be a common RNA-catalyzed reaction.
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