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ABSTRACT: Precursor-mRNA splicing is catalyzed by an extraordinarily large and
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highly dynamic macromolecular assemblage termed the spliceosome. Detailed == CM:I

biochemical and structural study of the spliceosome presents a formidable challenge, e z
but there has recently been significant progress made on this front highlighted by the / C/ ®\,so
crystal structure of a 10-subunit human U1 snRNP. This review provides an overview of

our current understanding of the architecture of the spliceosome and the RNA—protein smmsi /<) [
complexes integral to its function, the U snRNPs. “ S

he simple concept of a protein-coding gene as a

continuous and defined unit of DNA that gives rise to a
single polypeptide was radically revised by the discovery
reported in 1977 of “split genes”."> We currently understand
that most human protein-coding genes are certainly not
continuous units; rather, they contain the primary protein-
coding regions, exons, “split” or interrupted by introns. In
constitutive precursor-mRNA splicing or splicing, introns are
excised and exons spliced together to generate an mRNA. This
process is catalyzed by a remarkably large and highly dynamic
“machine”, the spliceosome.

Over the past decade, there has been significant progress
made in understanding in detail the molecular mechanism of
enzymatic assemblies critical to eukaryotic information transfer.**
In contrast, our understanding of the molecular mechanism and
architecture of the spliceosome lags behind. This is due largely to
challenges for biochemical and structural studies posed by the
spliceosome’s very large size, highly dynamic characteristics, and a
necessity thus far to use crude nuclear extract. The important role
that splicing plays in metazoan development necessitates the
acquisition of an improved molecular understanding. Primarily,
investigators are seeking to understand how the spliceosome
assembles onto its substrate (a pre-mRNA transcript) to form an
active structure that will catalyze two reactions with fidelity and
how this process is regulated in alternative splicing. This review
presents an overview of our current understanding of the struc-
ture of the RNA—protein assemblies integral to spliceosome function
(the U snRNPs) and of the intermediates in the spliceosomal
reaction cycle.

B SUBSTRATE

The overwhelming majority of human protein-coding genes
(>90%) contain introns.> Average lengths for exons and introns
of human protein-coding genes are 145 and 3365 nucleotides,
respectively.® There is remarkably limited conservation in the
primary sequence defining boundaries between exons and an
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adjoining intron. More than 99% of precursor-mRNA tran-
scripts (pre-mRNAs) share: (i) a GU at the junction between
the 5’ exon and intron (5’ splice site), (ii) an adenosine within
a region of the intron (branch point), and (iii) an AG at
the junction between the intron and 3’ exon (3’ splice site)
(Figure 1A). In metazoan pre-mRNAs, the number of
nucleotides between the 5’ splice site and branch point tends
to be significantly larger and the level of identity more variable
than between the branch point and 3’ splice site, where there is
a U-rich region of ~20—50 nucleotides, the pyrimidine tract
(Py-tract) (Figure 1A). Importantly, current estimates are that
more than 70% of human pre-mRNAs undergo alternative
types of splicing to produce varied protein isoforms, thereby
significantly increasing proteomic diversity. Guiding selection
and regulation of alternative splice sites are less conserved pre-
mRNA sequences that aid or impede splice site recognition.
These pre-mRNA sequence(s), the structures they may form,
and the auxiliary splicing proteins that may recognize them
cumulatively constitute what has been termed a splicing code
recognized by the spliceosome.’

B ENZYME

The spliceosome is a nuclear assemblage that when purified in
complex with a pre-mRNA is composed of at least 145
associated factors.” Yeast and human spliceosomes are reported
to sediment at 40—60 S and have a mass of ~4.8 MDa.*” A
stable core of 4S5 subunits of a Saccharomyces cerevisiae spliceo-
some stalled in an intermediate state has been identified."’
While the spliceosome’s size clearly illustrates its complexity
(see Table 1), it is also highly dynamic. Large subassemblies
are observed in vitro to dissociate and associate in an ordered
manner, and significant critical structural rearrangements take
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Figure 1. Precursor-mRNA recognition by the spliceosome. (A) Model metazoan precursor-mRNA transcript (pre-mRNA) consisting of 5’ and 3’
exons separated by an intron. Most metazoan pre-mRNAs conform to the indicated consensus sequences at the 5’ exon—intron junction (5’ splice
site, 5’ SS), branch point (BP), and 3’ exon—intron junction (3’ splice site, 3’ SS). Invariant nucleotides at these sites are shown (underlined and
colored red). Also indicated is the polypyrimidine tract (Py-tract), a sequence present in metazoan transcripts. (B) Spliceosome assembly is shown
proceeding clockwise. U1 snRNP recognizes a 5’ splice site (E complex). U2 snRNP associates (A complex), while the protein SF1 dissociates. The
tri-snRNP (U4/U6-US) binds (B complex). Ul and U4 snRNPs as well as the U2AF heterodimer dissociate prior to the first step or catalytic
reaction (B* complex). The second step or catalytic reaction takes place (C complex), to generate an mRNA and an intron lariat. Green arrows
indicate the direction of nucleophilic attack in first and second catalytic steps.

place, including between RNA subunits, to form the enzyme’s
active sites (Figure 1B).

Integral to spliceosome function are five RNA—protein
complexes termed uridine-rich small nuclear ribonucleoprotein
particles, the U1, U2, U4, US and U6 snRNPs. In the mammalian
spliceosome, assembly intermediates are most commonly
designated as E (early), A, B, B*, and C complexes and are
comprised of one or more U snRNPs as well as non-U snRNP
proteins in complex with a pre-mRNA (Figure 1B). Initially, the
E complex is formed where Ul snRNP recognizes the 5’ splice
site, non-U snRNP protein splicing factor 1 (SF1) the branch
point, and a heterodimer termed U2AF the Py-tract and 3’
splice site. The A complex is formed as the U2 snRNP
replaces SF1 to recognize the branch point. A tri-snRNP
consisting of U4/U6-US snRNPs joins to form the B complex.
After much structural and compositional rearrangement, Ul
snRNP is replaced by U6 snRNP at the 5’ splice site region and
there is a switch to an activated B* complex that can per-
form the first of two catalytic reactions. A spliceosome pre-
pared for the second step of catalysis forms the C complex.
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The spliceosome requires ATP to catalyze structural rearrange-
ments that are critical to progression through all these assembly
stages.11

B CATALYSIS

The spliceosome is a metalloenzyme that catalyzes two
consecutive nucleophilic substitutions or Sy2 phospho-trans-
esterification reactions.'*"® In the first reaction, the intron’s
branch point adenosine 2-OH engages in a nucleophilic attack
on the phosphodiester bond of the first intron nucleotide, a
guanosine at the 5’ splice site. A lariat-like structure forms in the
intron, as the organophosphate is transferred to the branch
point adenosine, and a new nucleophile is created in the now
free S’ splice site 3'-OH (Figure 1B). In the second reaction, the
3-OH at the end of the free 5’ exon attacks the bridging
phosphate at the 3’ intron—exon junction (Figure 1B). The
final two products are a spliced mRNA consisting of conjoined
5" and 3’ exons and an intron in the form of a lariat-like
structure.

dx.doi.org/10.1021/bi201215r | Biochemistry 2012, 51, 33213333
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Table 1. Core Subunits of Human U snRNPs

common subunit molecular mass % U recognizable domain/
U snRNP subunit gene name(s)? (kDa)® snRNP functional site®

U1 (248.1 kDa) RNUI1 Ul snRNA 535 21.6

SNRPB, -B2, -D1, -D2, -D3, -E, -F, -G seven Sm proteins 94.3 38.0 Sm

SNRNPA Ul-A 31.3 12.6 RRM

SNRNP70 U1-70k 51.6 20.8 RRM; SR repeat

SNRNPC Ul-C 17.4 7.0 Znf
U2 (987.4 kDa) RNU2 U2 snRNA 61.2 62

SNRPB, -B2, -D1, -D2, -D3, -E, -F, -G seven Sm proteins 94.3 9.6 Sm

SNRPA1 UV2A’ 28.4 29 LRR

SNRPB2 U2B” 254 2.6 RRM

SE3A1 SF3al20 88.9 9.0 SWAP; UBQ domain

SF3A2 SF3a66 49.3 5.0 Znf

SF3A3 SF3a60 58.6 5.9 Znf; SAP

SF3B1 SE3b155 145.8 14.8 HEAT repeat

SE3B2 SF3b145 100.2 10.1 SAP

SF3B3 SF3b130 135.5 13.7 DExH/D

SF3B4 SF3b49 44.4 4.5 RRM

SE3BS SF3b10 10.1 1.0

SF3B14 SE3bl4a; pl4 14.6 1.5 RRM

PHFSA SF3b14b; Rds3 124 1.3 PHD-like

DDX46 DDX46; hPrpSp 117.4 11.9 DExH/D; SR repeat

SMNDC1 SPF30/SMNrp 26.7 2.7 Tudor domain
US (1055.7 kDa) RNUS US snRNA 37.6 3.6

SNRPB, -B2, -D1, -D2, -D3, -E, -F, -G seven Sm proteins 94.3 89 Sm

TXNL4A US-15K 16.9 1.6 TRX

SNRNP40 US-40K 39.3 3.7 ‘WD40

CD2BP2 USs-52K 37.6 3.6 GYF

DDX23 US-100K; hPrp28 95.6 9.1 DExH/D; SR repeat

PRPFE6 US-102K; hPrp6 106.9 10.1 HAT/TPR repeats

EFTUD2 US-116K; hSnull4 109.4 10.4 EF2-like fold; GTPase

SNRNP20 US-200K; hBrr2 244.5 232 DExH/D

PRPE8 US-220k; hPrp8 273.6 25.9 RNase H-fold; RRM; Jabl/MPN
U4/U6 (589.1 kDa) RNU4 U4 snRNA 469 8.0

RNU6 U6 snRNA 34.6 59

SNRPB, -B2, -D1, -D2, -D3, -E, -F, -G seven Sm proteins 94.3 16.0 Sm

LSM2, -3, -4, -5, -6, -7, -8 seven LSm proteins 78.9 13.4 Sm

NHP2L1 15.5K 14.2 24

PPIH U4/U6-20K; SnuCyp-20 19.2 33 cyclophilin-like

PRPF31 U4/U6-61K; hPrp31 58.5 9.4 Nop

PRPF4 U4/U6-60K; hPrp4 58.4 9.9 ‘WD40

PRPEF3 U4/U6-90K; hPrp3 77.5 13.1 PWI

SART3 p110; SART3; hPrp24 109.6 18.6 HAT repeats; RRM

“Composition of human U snRNPs compiled from several sources.'”?®~ ! PRNA masses were determined using oligocalc (http://www.basic.

northwestern.edu/biotools/ oligocalc.html). Protein molecular masses were determined using ProtParam (http:// prosite.expasy.org/ ). For
identification of domain and functional site architecture, Prosite (http://prosite.expasy.org/) was used. “Protein domains and motifs: Sm, highly
bent f-barrel structure of Sm and LSm proteins; RRM, RNA recognition motif; SR motif, sequence of Ser-Arg dipeptide repeats; Znf, zinc finger;
LRR, Leu-rich repeats; SWAP, suppressor-of-white-apricot protein; UBQ, ubiquitin domain; SAP, ~35-residue motif named after proteins SAF-A/B,
Acinus, and PIAS; HEAT, ~40-residue a-helical fold named after proteins Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A),
and yeast PI3-kinase TOR1; DExH/D, motif characteristic of ATP-dependent helicases and nucleotide-hydrolyzing enzymes; PHD-like, structure
like the PHD C,HC; zinc finger; Tudor domain, ~50-residue highly bent $-barrel structure; TRX-like, thioredoxin-like fold; WD40, ~40-residue
motif containing Trp-Asp dipeptide repeats; GYF, ~60-residue fold containing a Gly-Tyr-Phe conserved sequence; TPR, Tetratrico peptide repeats;
HAT, half-a-TPR repeat; EF2-like, fold like that of eukaryotic translational elongation factor EF2; GTPase, motif characteristic of enzymes that bind
and hydrolyze guanosine triphosphate; RNase H-fold, topologically like the ribonuclease H-fold; Japl/MPN, five-polar residue motif resembling the
active site residues of hydrolytic enzymes; cyclophilin, f-barrel topology characteristic of peptidyl-prolyl isomerases; Nop, a-helical RNA binding
module; PWI, ~80-residue fold that includes a Pro-Trp-Ile tripeptide.

There are similarities in structure and catalytic mechanism B U SNRNPS

between thle4 lipliceosome and the group II catalytic intron, a The five U snRNPs are compositionally similar but functionally
“ribozyme”. ™™ These similarities hint at the spliceosome’s possible distinct. Each is composed of (i) a single uridine-rich small
evolutionary origins. It appears likely that RNA is the catalyst in the nuclear RNA (U snRNA), (ii) a set of seven Sm or Sm-like
spliceosome, and experiments using RNAs transcribed completely (LSm) proteins, and (iii) three or more U snRNP-specific
in vitro have provided evidence that supports this contention.'®'” proteins (see Table 1).

3323 dx.doi.org/10.1021/bi201215r | Biochemistry 2012, 51, 3321-3333


http://www.basic.northwestern.edu/biotools/oligocalc.html
http://www.basic.northwestern.edu/biotools/oligocalc.html
http://prosite.expasy.org/
http://prosite.expasy.org/

Biochemistry

| Current Topic |

£, st %
SLi o & U1 snRNA U2 snRNA G-C
cg oe
c6 G-C
%t} SLI SLlla A
u-c—80 uu % §
GO—UCGU wou uAAy 120—A-U
&e Cc-G v A=60 G-C
GU g8—20 Ug.clY &§
Ae, SLIV &S AU U-A—140
ve Cuah 20 s 100 &S 180
SLI e s W% s I P Ay |
0 &< 100 (o m,GppPAUCGCY 'I’-AUCAA'l'ClIVG\IWCUUU -ACG-CAAUAVATUAARAGG JAUUUUUGIGAACUA G- -ACg-caCCA
ARG AY lcp 68 c6 Sm site a4y
és UGGU-UUUCC™ CGA- uuuccc ¢y pre-mRNA BP ﬁ§ 30 g:g
AU .
ACU GUACCAUAGAGG AGCU AAAGGGU S AY 460 Ui :C e
A 20 ﬁﬁ H-helix g;g g
Soncus SLilb e
msGpppAU[E 8 unETITETS cuAGU S SLIV &4
G-C
Sm site '
pre-mRNA 5’ SS 160 i gc
VY, |- Exons .
Ca— U4/U6 di-snRNA
G 9
cia” U5 snRNA
su “u e, U6 snRNA
cG c-G
U-A 4
AU & pre-mRNA 5 SS 5Io 1(I)o
A U-A
uAU cG, “© éU GACACGCAAAUCGU[EAAGEGUuCCAUAULLLY
& ¢ iy I cA wcApp"Gm LSm site
% g mpppG-CAUAUACUAAAAYUGGAACGA YA AG 60 GCG« GU G
AL G-CAJGUUUUUAIA c G CCCCAWAACCCUWUUCAAAAG U, { Uu I cCC.U~ ‘cGC
20=6,y U-A 1 UL A G, UGGC’ o GA
ce €8 il S8 & |'-' G oY
UG 140—AU 0 ge U ‘eg
UA—60 &¢ Sm site AU R AT
U-A G-C G A U4 snRNA P
cG SLII %’ &6 gc
U-G -G c-G
U-A ua G-U
U-A Y SLIl ¢ A
oy €S ¥y g8
[ 100—58 by & SLil 6
U AT A
Eotf &8 &
u-A 80 C-G 100 20=S, ¢ SLI
cG | G-C =u &
m.GpppAUA-UCUUAACCCAJAUUUUUUJGA-UA e
Sm site

Figure 2. Secondary structure of the RNA subunits of the human U snRNPs. U snRNAs are small (106—187 nucleotides), nuclear, and
subject to post-transcriptional modification [pseudo-U (¥) or 2-O-methylated nucleotides are colored magenta]. U snRNAs serve as
“scaffolds” for protein binding. A shared protein—RNA interaction involves U1, U2, U4, and US snRNA Sm site sequences (boxed in red)
recognized by the seven common Sm proteins and the U6 snRNA LSm site sequence (boxed in blue) recognized by the seven LSm
proteins. U snRNAs also have critical functional roles, including interaction with pre-mRNA sequences [see the sequences boxed in
black; indicated are U snRNA sequences involved in recognition of the pre-mRNAs 5’ splice site (5’ SS), the exons, and the branch point

(BP)].

U snRNAs. U snRNAs (human, 106—187 nucleotides, 38—
61 kDa) serve as scaffolds for binding of U snRNP proteins as
well as providing distinct functional role(s) for each U snRNP.
Ul, U2, U4, and US snRNAs are RNA Pol II transcripts, and
each is shuttled to the cytoplasm where their cotranscriptionally
acquired m;G cap is hypermethylated to a 2,2,7-trimethylgua-
nosine (m3G) cap. In the cytoplasm, the seven Sm proteins
assemble onto U snRNAs to form the Sm core of the Ul, U2,
U4, and US snRNPs. The Sm proteins recognize a short single-
stranded RNA sequence in U1, U2, U4, and US snRNAs called
the Sm site that conforms to a consensus AU(,_¢G sequence
(Figure 2). As illustrated in Figure 2, the Sm site is situated
between two stem—loop structures in each of these U snRNAs,
a feature that may be critical for their stable association. The
m;G cap and formation of an Sm core act as a bipartite
recognition signal for transport of the subassembled U snRNP
to the nucleus where additional U snRNP-specific proteins
bind."® In contrast, U6 snRNA is an RNA Pol III transcript that
remains in the nucleus and does not contain an Sm binding site.
A single-stranded sequence at the 3’ end of U6 snRNA (see
Figure 2) is recognized by a set of seven protems homologous
to the Sm proteins, the LSm proteins.'” Each U snRNA also
undergoes internal post-transcriptional modification; partlcularly
common are pseudouridinylation and 2'-O-ribose methylation.”’
While the function of many of these highly conserved modifica-
tions remains unclear, some have been identified as being critical
to assembly of protein onto U snRNA(s);*" others have
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subtle effects on structure,”* and their location is often pre-
sent in or proximal to sequences that base pair with a pre-mRNA
(Figure 2).

U snRNP Core Structure. The seven Sm proteins (SmB/
B/, -D,, -D,, -D;, -E, -F, and -G; human, 8—25 kDa) are critical
to the assembly, transport, and integrity of the U snRNPs.'®
Each Sm protein contains a conserved Sm motif composed of
two short primary seci ence segments termed Sml and Sm2,
separated by a linker.>»** Not conserved in length or sequence
are the linker and N- and C-terminal extensions. Structurally,
each Sm protein is composed of a single N-terminal a-helix
followed a five-stranded, highly bent antlparallel P-sheet,
constituting the Sm fold (Figure 3A). > Sml and Sm2
sequences form f1—f3 and f4—fS strands, respectively. The
bending of the f-sheet forms an open p-barrel, topologically
similar to the SRC homology 3 (SH3) domain.

In the absence of a U snRNA, Sm proteins associate as stable
heterodimers (SmD;-D, and SmD;B) and a heterotrimer
(SmF-E-G) (Figure 3B). 26 Crystal structures of SmD5-B and
SmD,-D, revealed Sm fold architecture, how each Sm protein
interacts with a neighbor, and led to a model for a heptameric
ring.”® In this model, strand 4 of one Sm protein interacts in
an antiparallel manner with strand S of its neighboring Sm
protein to form a continuous ring of f-sheets (Figure 3B,C).
Subsequently, the crystal structure at 5.5 A resolution of a 10-
subunit human U1l snRNP revealed that in the presence of Ul
snRNA a single copy of each of seven Sm proteins indeed

dx.doi.org/10.1021/bi201215r | Biochemistry 2012, 51, 33213333
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Figure 3. Structure of the U snRNP Sm core domain. (A) Structure
of the Sm fold as exemplified by SmD;. The Sm fold consists of an
N-terminal a-helix followed by a highly bent five-stranded antiparallel
P-sheet. Sm1 and Sm2 sequence motifs form S1—f3 and f4—pS
strands, respectively. (B) Structure of the heptameric Sm ring. The 4
strand of one Sm protein interacts in an antiparalle] manner with the
PS strand of an Sm protein neighbor to form a continuous ring of
P-sheets in the presence of a seven-nucleotide single-stranded Sm site
RNA (orange). (C) Structure of Ul and U4 snRNP core domains.
Shown are SmB (green) and SmD, (cyan) and the respective Sm sites
of U1 and U4 snRNAs (red). In the Ul snRNP core domain (left), al
of SmD, points into the minor groove of an RNA duplex, while in the
U4 snRNP core domain (right), al of SmD, points away. SmD, and
SmB L4 loops extend along the U4 snRNA 3’ stem—loop structure.
Structural images were created using PyMOL (http://www.pymol.

org).

interacts pairwise to assemble into a heptameric toroidal
structure or ring around the Sm site (Figure 3B).”” The
heptameric Sm ring, arranged in an SmE-G-D;-B-D,-D,-F
order, has an outer diameter of 70 A and an inner hole of 20 A
(Figure 3B).””"* The single-stranded Sm site RNA leafs
through the center of this ring, the seven nucleotides assuming
a striking cartwheel-like arrangement where Sm site bases
radiate outward in varying orientations to interact with Sm
protein residues (Figure 3B).

Details of RNA—Sm protein interactions at the Sm site have
come most recently from the 3.6 A resolution crystal structure
of a U4 snRNP core domain.”” Positioned into the hole of the
Sm ring are L2, L3, and LS loop residues of each Sm protein
(Figure 3). L3 and LS loop residues are located near the “top”
of the hole, where they contribute to the creation of structurally
and chemically distinct binding pockets to interact with seven
Sm site nucleotides. The L2 loops are positioned proximal to
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where the RNA emerges from the hole to form contacts with
the phosphodiester backbone of the emerging RNA.

There is a second, non-sequence-specific mode of Sm
protein—RNA interaction that involves N-terminal a-helices of
Sm proteins. The N-terminal a-helices that mediate this
interaction are not part of the canonical Sm fold but rather Sm
protein-specific extensions. An N-terminal a-helix dipole of
SmD, points into the A-form minor groove of the H helix of
Ul snRNA, while the N-terminal a-helix of SmB interacts with
its stem—loop 2 (SL2) motif (Figure 3C).2"*® These Sm—RNA
interactions are Il)roposed to stabilize and orient the Sm ring
onto Ul snRNA.*” Interestingly, in the U4 snRNP core domain
structure, the N-terminal a-helix of SmD, is oriented differently
than in Ul snRNP; it points away from U4 snRNA with only
an asparagine of the preceding loop in position to interact with
the RNA backbone (Figure 3C).* This suggests that there is a
U snRNP-specific strategy for orienting the same Sm protein
ring onto varying U snRNA scaffolds.

In yet a third mode of Sm protein—RNA interaction, SmD,
and SmB loops have roles in interacting with Ul and U4
snRNAs. L4 loops of the Sm proteins are quite variable in
length, with those of SmD, and SmB being particularly long
and lysine-rich. In the U4 snRNP core domain structure, SmD,
and SmB L4 loops radiate from the Sm ring to positions
adjacent to the terminal 3’ stem—loop structure of U4 snRNA
(Figure 3C). Nucleotides in the terminal 3’ stem—loop
structure of Ul snRNA were identified as being important to
the stable association of the Sm ring onto Ul snRNA;*
presumably, this is also the case in the U4 core domain. SmD,
and SmB L4 loops similarly appear to interact with the 3’
stem—loop structure of Ul snRNA, as reported in the crystal
structure of a proteolyzed native human Ul snRNP.*®
However, L4 loops in the two molecules in the asymmetric
unit of this structure have different conformations, most likely
because of the removal of stabilizing features as a consequence
of proteolysis and/or crystal contacts. The conformation of the
L4 loops in the context of the Ul snRNP therefore remains
unclear.

Human U1 snRNP Structure. Structural insight into U
snRNP assembly comes from crystallographic studies of the 10-
subunit recombinant human Ul snRNP.”” Human Ul snRNP
(248 kDa) is composed of (i) a single RNA (U1 snRNA), (ii)
seven Sm proteins, and (iii) three U1 snRNP-specific proteins
(U1-70k, Ul-C, and Ul-A) (Table 1). Ul snRNA (164
nucleotides, 54 kDa) consists of four stem—loop structures
(SL1—4) and a single helix H (Figures 2 and 4A). On the '
side of the Sm site, SL1—3 and H helices emanate from a
central point, a four-helix junction. Structurally, neighboring
helices in the four-helix junction coaxially stack: SL1 and SL2,
SL3 and H helix (Figure 4B). The lack of unpaired nucleotides
at the junctions between these helices likely contributes to its
overall conformation, where the coaxially stacked pair of helices
cross each other at ~90°. There are also two functionally
significant single-stranded stretches in Ul snRNA: a strictly
conserved sequence at the 5’ end that base pairs with the &'
splice site and is crucial to pre-mRNA recognition®' and the Sm
site nucleotides between SL3 and SL4, without which the
particle is unable to assemble.

Ul snRNP-specific proteins U1-70k (52 kDa) and U1-A (31
kDa) bind to SL1 and SL2 of Ul snRNA, respectively, through
their RNA recognition motifs (RRMs) (Figure 4A). Each is
capable of binding to RNA in the absence of other proteins.”>*
Importantly, assembly of Ul snRNP is highly hierarchical, as

dx.doi.org/10.1021/bi201215r | Biochemistry 2012, 51, 33213333
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Figure 4. Structure of human Ul snRNP. (A) Secondary structure of U1l snRNA (black) and approximate location of the following: Sm proteins
(cyan), recognizing the Sm site (boxed in cyan); U1-70k (orange), recognizing SL1; U1-A (green), recognizing SL2; and U1-C (blue). (B) Structure
of Ul snRNA, colored as in panel A. SL1 and SL2 coaxially stack, as do SL3 and H helix to form a cruciform-like structure. (C) U1-70k (orange)
extends the length of SL1 and crosses the Sm ring near the interface of SmD, and SmF and then that of SmD; and SmB to reach U1-C (blue). For
the sake of clarity, Ul snRNA SL4 has been omitted from the right image. (D) The U1-C a1 helix points into the minor groove of an RNA duplex
formed between the 5’ end of U1 snRNA (gray) and a §' splice site mimic (red), while the U1-C a2 helix is held in place in part by a fork created by
the N- and C-termini of U1-70k (orange) and SmD; (yellow), respectively. (E) Nearly complete model of human U1 snRNP. SL2 of Ul snRNA and
the N-terminal RRM1 (green) of U1-A are modeled onto the crystal structure of human U1 snRNP.>® The structure is colored as in panel A, with a
S’ splice site mimic displayed (red). Structural images were created using PyMOL.

best exemplified in the case of U1-C (17 kDa), which requires
for its incorporation into Ul snRNP prior assembly of the Sm
core and U1-70k>*

U1-70k is structurally a fascinating protein. It consists of a
region at its very N-terminus (residues 2—57) that while highly
conserved is proline-rich and understandably predicted to be
unstructured, a region predicted to form an a-helix (residues
63—88), the RRM that mediates its interaction with SLI
(residues 92—202), and a C-terminus that is rich in repeats of
Arg and Ser residues (RS domain) as well as Arg-(Asp/Glu)
residues. U1-70k assumes a strikingly extended path in the
structure (Figure 4C,D). The ~90 N-terminal residues of Ul-
70k that include the proline-rich region traverse a distance of
~180 A. The path that it takes was unambiguously established
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by site-specifically incorporating the anomalous scatterer
selenomethionine incrementally along its polypeptide chain.*®
Specifically, N-terminal to the RRM there is a a-helix (residues
63—88) that runs parallel to SL1 of Ul snRNA followed by a
series of prolines that create a significant kink, as well as rigidity,
in the polypeptide chain. The protein then crosses near the
interface of SmD, and SmF, and then past the center of the Sm
ring from where the single-stranded RNA emerges, and crosses
near the interface of SmD; and SmB to finally reach a point to
assist in the association of U1-C with the Ul snRNP. At this
point, the very N-terminus of U1-70k and the C-terminus of
SmDj create a binding fork through which an extended helix of
U1-C traverses. Why does Ul-70k take an extended path,
completely wrapping underneath the Sm ring to interact with
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U1-C? One may surmise that it stabilizes U1-C not only by a
direct interaction, participating in the binding fork, but also by
stabilizing the Sm ring entirely through which U1-C shares a
significant interface with SmD;. We expect that other U
snRNP-specific proteins may similarly stabilize the Sm ring and
utilize it as a binding platform.

The zinc finger of Ul-C consists of a f-hairpin and two
a-helices,* distinguishing it from the canonical Sfa fold of the
classical C,H,-type zinc ﬁnger.37 Mutations in the Ul-C zinc
finger have a significant effect on 5’ splice site recognition,*®
suggesting that it might interact directly with the 5’ splice site
and/or other regions of a pre-mRNA. The structure of human
Ul snRNP is entirely consistent with these results.””
Fortuitously, two of the particles in the crystal’s asymmetric
unit are engaged in an RNA—RNA interaction where the single-
stranded 5’ end of Ul snRNA from one particle and its
counterpart from an adjacent particle interact with each other
such that the 5’ end of one mimics a 5’ splice site for the other.
Ul-C from each particle interacts with this RNA duplex to
provide an unexpected glimpse into its importance in S’ splice
site recognition. Highly conserved basic residues of helix @, of
its zinc finger are in position to interact with the minor groove
of the RNA duplex (Figure 4D). However, at the resolution of
this structure (5.5 A), it is not possible to provide details
concerning specific contacts. One significant question is
whether U1-C functions to exclusively stabilize this duplex, a
passive role, or may it also have an active role, possibly
discriminating against binding of an incorrect pre-mRNA
sequence(s)? The solution NMR structure of the 60 N-terminal
residues of UI-C has a ffa,a,a; fold,*® while in the crystal
structure, the second and third helices (@, and @3, respectively)
form a continuous helix a,.”” s it possible that U1-C undergoes
a structural change when in the particle and that its mode of
binding to and the orientation of the 5" end of Ul snRNA are
changed when in complex with a pre-mRNA? Such a binding
event may trigger other important structural changes that may
facilitate binding of other U snRNPs.

Early EM studies of a native Ul snRNP revealed a central
globular domain, presumably the Sm core, emanating from
which were two protuberances, identified as U1-70k and Ul-
A> Protein Ul-A is composed of two RRMs. The recent
structure of a proteolyzed Ul snRNP contains the N-terminal
RRM of Ul-A only,”® leaving unknown the location of the
C-terminal RRM. RRMs not only mediate interaction with RNA
but also may mediate protein—protein interactions.** From EM
images of native human Ul snRNP,***' there is a lack of
density to account for a C-terminal RRM of Ul-A extending
away from the Sm core. More consistent would be for the
C-terminal RRM to turn back and interact in some manner
within the context of Ul snRNP, possibly with an internal loop
of SL2 and/or the Sm core as previously proposed.”’

B HUMAN SPLICEOSOMAL INTERMEDIATE
STRUCTURES

As detailed above, Ul and other U snRNPs assemble in an
ordered manner to form the spliceosomal E, A, B, B*, and C
complexes. These intermediates have been trapped in vitro by
using a variety of approaches, including the use of modified pre-
mRNA substrate(s), addition of inhibitors, or exclusion of
ATP.* Significant effort has been made over the past decade to
acquire EM structures of spliceosomal intermediates, primarily
of human origin (Figure SA). This is a challenging undertaking
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given the size and dynamics (compositional and structural) of
the spliceosome.

E Complex. All conserved pre-mRNA sequences are
recognized at the time of E complex formation: (i) S’ splice
site by U1 snRNP, (ii) branch point by SF1, recognizing the
catalytically critical adenosine through an enlarged hydrophobic
cleft,™* and (iii) Py-tract and the AG dinucleotide at the 3’
splice site by U2AF-65 and U2AF-35, respectively, which form
the stable heterodimer U2AF.** While Ul snRNP, SF1, and
U2AF independently interact with pre-mRNA during formation
of the E complex, they also interact with each other directly or
through protein intermediaries.*****’ Tllustrative of spliceo-
some dynamics, all complexes or proteins associated with pre-
mRNA at this stage are displaced from their positions prior to
the first catalytic step.

A Complex. To form the A complex, there must be a
displacement of some E complex-bound factor(s). Recognition
of the branch point by U2 snRNP requires ATP, presumably
expended to assist in an active dissociation of non-snRNP
protein(s). Important interactions are also established, between
the U2AF heterodimer and U2 snRNP as well as Ul and U2
snRNPs, thus juxtaposing the 5’ splice site and branch point
adenosine.*® In total, the A complex consists of at least 70
proteins.“g’50

Human U2 snRNP (>900 kDa) consists of (i) a single U2
snRNA, (ii) seven Sm proteins, and (iii) at least 14 particle-
specific proteins. A critical function of U2 snRNA is to base pair
with the pre-mRNA branch site> (Figure 2), an interaction
that leaves the conserved adenosine unpaired and bulged out of
the resulting RNA duplex (Figure 5B).>> Among U2 snRNP
proteins are those that form two large multimeric complexes
that contribute to the stabilization of the conformation of the
branch point adenosine: SF3a (197 kDa) and SF3b (463 kDa),
which consist of three and seven proteins, respectively (Table 1).
One SF3b protein in particular, SE3bl4a or p14, interacts with
the U2 snRNA sequence that base pairs to a branch site.
Structurally, pl4 and SF3blSS form a binding pocket that
exposes a conserved aromatic residue that in solution cross-
links to the branch point adenosine.*>">* Adding another level
of regulation prior to binding to the intron, the U2 snRNA
branch point binding sequence is structurally sequestered in an
intramolecular interaction that requires the activity of a helicase
Prp5 before branch point interaction.*®

There are EM structures of human SF3b and an A complex
reported at 10 and 45 A resolution, respectively.’**”** In the
SF3b structure [160 A X 150 A x 125 A (Figure SA)], p14 is
localized to a central cavity and SF3b155, its significantly larger
interacting partner, is peripheral and positioned to enclose p14.
The human A complex (2.5 MDa) appears as a large
asymmetric complex (205 A X 195 A X 150 A; V ~ 2.9 X
10° A%) consisting of a tubular head connected by a short neck
to a rectangular main body possessing several irregularly shaped
protuberances roughly at locations that anthropomorphically
can be described as feet and arms (Figure SA).>

B Complexes. There have been various intermediates
isolated and grouped as B complexes. It remains unclear
whether all these various isolated states represent functionally
active intermediates in the assembly of the spliceosome. It is
generally accepted that an initial stage (B complex) is
compositionally defined by an association of the tri-snRNP as
well as the Ul snRNP. Defining a second stage (a BAUI
complex), the Ul snRNP has dissociated from the
intermediate, while in a third stage (B* complex), there are
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Figure S. Spliceosomal intermediate structures and their pre-mRNA—U snRNA interactions. (A) Electron microscopic (EM) structures of human
spliceosomal complexes and assembly intermediates: heteromeric SE3b complex,®® A complex,*® U4/U6-US tri-snRNP,** US snRNP,** U4/U6 di-
snRNP,** BAU1 complex,”” and C complex.”® A surface representation of the crystal structure of human U1 snRNP is shown.”” The U4/U6-US tri-
snRNP is composed of subassemblies, U4/U6 di-snRNP (cyan) and US snRNP (magenta). The tri-snRNP is recruited to the A complex to form the
B complex. An initial B complex is defined by the presence of the tri-snRNP and Ul snRNP. Following, U1 snRNP is displaced to give rise to a
BAUI complex, a prism-like structure similar to that of the tri-snRNP. We have modeled onto the BAU1 complex head domain structure’”
localization studies conducted using a B complex78: S’ exon (blue), 3’ exon (red), intron (green), and SF3b155 (orange). Following loss in mass and
first catalytic step, the C complex is formed. On one face of this structure is localized an intron (green) as well as exons (purple). (B) Interactions
between U snRNAs and a pre-mRNA in A, B¥, and C complexes (S’ exon in red, 3’ exon in blue, and intron in green). For the A complex, Ul and
U2 snRNAs base pair with a S’ splice site (5’ SS) and branch point (BP), respectively, while the 3’ splice site (3’ SS) is bound by protein. For the B*
complex, U2 and U6 snRNAs are extensively base paired, including an interaction of U6 snRNA with nucleotides proximal to the duplex between the
BP and U2 snRNA. U6 snRNA and US snRNA loop 1 (SL1) recognize sequences at the 5’ exon—intron junction, while U2 snRNA interacts with the
pre-mRNA region around the BP. These interactions contribute to nucleophilic attack of the intron’s bulged branch point adenosine (BP, dark
green) on the phosphodiester bond of the first intron nucleotide. A lariat-like structure forms in the intron as a product of this first reaction, and a
new nucleophile is created in the now free S’ splice site 3-OH (C complex). For the C complex, US snRNA SL1 contacts sequences in both 5’ and 3’
exons, contributing to the alignment for their ligation. The 3-OH attacks the bridging phosphate at the 3’ intron—exon junction. EM envelopes were
obtained from the EM Data Bank (http://www.ebi.ac.uk/pdbe/ emdb) and structural images generated and volumes derived using Chimera (http: //
www.cgl.ucsf.edu/chimera/ ). The scale bar in panel A corresponds to 100 A
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significant rearrangements: U4/U6 snRNA base pairing (as
illustrated in Figure 2) is disrupted, thereby contributing to U4
snRNP dissociation, and U2/U6 snRNA base pairing is
established (Figure 4B). This last intermediate is thought to
represent an intermediate that is close to the intermediate that
catalyzes the first catalytic reaction.

B Complex. A defining point in the transition from the A
complex to the B complex is recruitment of the U4/U6 di-
snRNP (human, >580 kDa) and US snRNP (human, >1 MDa)
(Table 1). These U snRNPs interact as a stable 255 U4/U6-US
tri-snRNP.>* %" Within the tri-snRNP, U4 and U6 snRNAs
form highly conserved base pairing interactions.*>%> EM
structures of human US snRNP, U4/U6 di-snRNP, and a tri-
snRNP have been reported at 29, 40, and 21 A resolution,
respectively.®* US snRNP exhibits a crescent-shaped morphol-
ogy (265 A x 150 A x 120 A), while U4/U6 di-snRNP has a
cylindrical shape that is 170—210 A in length. The tri-snRNP
appears as a relatively elongated tetrahedron (305 A X 200 A X
175 A) (Figure SA). Interestingly, the tri-snRNP and down-
stream assembly intermediates [B(A)U1 and C complex]
all possess a triangular prism-like shape.

There are >100 proteins associated with the early B
complex.®® Among its proteins, three large US snRNP
constituents in particular have important roles: (i) highly
conserved subunit Prp8 (274 kDa), (ii) helicase Brr2 (245
kDa), and (iii) GTPase Snul14 (109 kDa) (Table 1). Brr2 is a
member of a family of proteins that contains a DExD/H-box
domain, a motif involved in ATP-dependent restructuring of
nucleic acids.’® Studies that aimed to localize these three
massive proteins in an EM envelope of a S. cerevisiae tri-snRNP
revealed that Prp8 and Snull4 are localized centrally while
Brr2 is localized more distally.**®” Once the tri-snRNP is
integrated into the A complex to undergo the transition to the
B complex, interactions of Prp8 with both pre-mRNA and
other proteins appear to be quite extensive.”*® As an
indication of Prp8 having a role in ensuring catalytic activation,
it cross-links at both 5’ and 3’ splice sites as well as the branch
site, interacts with both US and U6 snRNAs, and can activate
helicase Brr2 to catalyze base pair unwinding between U4 and
U6 snRNAs.*7°

Adding to our functional understanding of Prp8 and its
relative position in the context of the spliceosome are crystal
structures of various domains.”'~”* The structure of a region
near the C-terminus of S. cerevisiae Prp8 reveals a f-hairpin
finger that protrudes out of the overall fold to mediate U4/U6
unwinding by Brr2.”' The structure of another domain of Prp8
revealed that it forms an RNase H-fold, although equivalent
RNase catalytic residues are absent.”* The RNase H-fold forms
a binding surface that may function to contribute to stabilizing
a §' exon during catalysis.”

BAUT Complex. A primary function of the Ul snRNP is to
initiate spliceosome assembly. In metazoans, U1l snRNP is also
a target for alternative splicing factors and may serve to interact
with nonspliceosomal macromolecular assemblies.”*””¢ U1
snRNP has no direct contribution to spliceosome catalysis
and is displaced from B complex prior to the first catalytic step,
presumably to allow for U6 snRNA binding (Figure SB).

A 45S BAUI complex (4.8—5.5 MDa) has been isolated and
visualized by EM.”” The structure of this large complex at ~40 A
resolution reveals a rhomboid-shaped intermediate (370 A X
270 A X 170 A; V ~ 5.5 X 10° A%), characterized by a headlike
globular region attached to a larger body by a linker (Figure SA).
The head region exhibits more flexibility than the main body.
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The 5" and 3’ exons as well as the intron all are localized to
this head region, like SE3b155 (Figure SA).”® On the basis of
these localization studies, might it be that this seemingly
distinct globular domain contains all the elements necessary
for the first step of catalysis? Clearly, the C complex that cat-
alyzes the second catalytic reaction lacks such a distinct globular
domain. Might this suggest that the active site for the second
reaction is significantly different in locale from the first
reaction?

B* Complex. The B* complex is proposed to represent the
B complex series closest to the catalytically activated form of
the spliceosome.”” Indeed, it lacks Ul and U4 snRNPs,
implying that it has undergone significant RNA rearrangements.
A catalytically inactive complex has also been isolated, termed
B**, which is compositionally very similar to the B* complex,
including the absence of the Ul and U4 snRNPs as well as
most U6 snRNP proteins.*® However, this complex possibly
reflects a state earlier than the B* complex because of the
presence of a number of helicases necessary for rearrangements
that precede catalysis.

Formation of the B* complex involves significant structural
rearrangements to reposition the U2, US, and U6 snRNPs for
catalysis: (i) US snRNA is positioned to interact with 5’ and 3’
exons through its stem—loop I structure®"** (Figure 2); (i) U2
and U6 snRNAs base pair;> and (jii) conserved nucleotides of
U6 snRNA are positioned to interact in the region of the 5’
splice site®* (Figures 2 and SB). Some interactions remain the
same; for example, U2 snRNA is still in contact with the branch
site. The interaction between U2 and U6 snRNAs, following
unwinding of U4/U6 snRNAs, is proposed to juxtapose the 5’
splice site and branch point adenosine and position metal
cation(s) for catalysis.85

Among the many RNA—RNA and RNA-—protein inter-
actions destabilized or stabilized in the transition from the A
complex to the B complex as well as during the existence of
the B complex, the addition of the Prp19—CDCSL protein
complex to transition to the B* complex is particularly
important.* This hetero-oligomeric complex (600 kDa)
acts to facilitate dissociation of the U6 snRNP LSm ring as
well as stabilize US and U6 snRNAs.*” Another prominent
change in the transition to the B* complex involves the
apparent loss of U2 snRNP sub-complexes SF3a and
SE3b, which may act to free the branch point adenosine
for catalysis.*¥®

C Complex. Following the first catalytic reaction, the C
complex contains the 5’ exon and the intron lariat attached to
the 3’ splice site (Figure SB). The C complex must establish the
necessary interactions for nucleophilic attack by the 3’ splice
site’s 3-OH (Figures 1B and SB). Indeed, there are dramatic
structural rearrangements that occur at this stage, with at least
50 proteins either associating or dissociating in the transition to
the C complex.**® This extensive loss of mass is clear upon
examination of the BAUI and C complex EM structures
(Figure SA). In addition, RNA interactions present in the
activated B complex are significantly restructured in the C
complex. In particular, the important US snRNA stem-loop 1
motif is restructured to contact both 5" and 3’ exons (Figure SB,
reviewed in ref 90), and U2-U6 snRNA base pairing is
unwound around an AGC triad in U6 snRNA.”" Cross-linking
studies with a U2-U6 snRNA complex with 5’ and 3’ exon
oligonucleotides indicate that a 5’ exon contacts U6 snRNA at a
conserved sequence, S-ACAGAGA (Figure 2), as well as
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the AGC triad located at the base of its 3’ stem—loop
structure.”

A 40S human C complex (3 MDa) has been isolated using a
noncleavable substrate.”® Its structure (270 A X 240 A X 220 A;
V & 3.0 X 10° A%) is composed of primarily three domains: (i)
a large ovoid-shaped main body domain, (ii) a protruding arm
emanating from the body, and (iii) a small domain slightly
detached from the rest of the structure reminiscent of the head
from the BAU1 complex intermediate (Figure SA). The intron
has been localized to the top of the small domain, whereas both
exons are in the large domain just below it.”>~*° More recently,
a human C complex structure at ~25 A resolution has been
reported” that is larger (5—5.5 MDa, 360 A X 340 A x 270 A)
than both the earlier structure and that of a Schizosaccharomyces
pombe U2/US/U6 complex.”” This C complex structure
appears to exhibit internal density variation.”® The reason(s)
for size discrepancy between these different C complex
structures is unclear, but it may be a consequence of differences
in purification and/or methods used to determine the
structures.

B CONCLUDING REMARKS

There has been significant progress the past decade in defining
and characterizing assembly intermediates of the spliceosome’s
reaction cycle. However, the spliceosome’s size and dynamics
have presented a formidable challenge for detailed biochemical
and structural studies. Progress has been made on this front;
the recent crystal structures of completely recombinant human
U1 snRNP and the Sm core of U4 snRNP detailed above have
provided significant insight into the assembly and function of
U snRNPs. Much headway has also been made in elucidating
by EM the gross morphology of the large spliceosomal inter-
mediates. While the EM structures are limited to a quite low
resolution as a consequence of their compositional and struc-
tural heterogeneity, recent studies that aimed to localize regions
of both premRNA and protein(s) in these structures are
providing insightful detail.®>%”7®% In particular, these studies
are revealing architectual similarities between intermediate
structures. As we advance on this front, it is important to
recognize that the analysis and interpretation of the EM
structures may be complicated by ambiguity with respect to
which intermediate state it represents. Indeed, EM structures
from different groups are not entirely consistent.”>”® As we
look to the future, there needs to be progress made in acquiring
(i) intermediates stalled at discrete, well-defined steps in the
spliceosome assembly cycle and (ii) more data from labeling
studies so as to confidently localize RNA and proteins as well as
to place higher-resolution structures into low-resolution EM
maps. While there is much to do, the community is making
progress in illuminating how this remarkably large and dynamic
macromolecular machine, the spliceosome, is assembled to
splice split genes.
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