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Abstract

Eukaryotic genes are transcribed as precursor mRNA (pre-mRNA), in which coding re-
gions (exons) are interrupted by non-coding regions (introns). Introns are excised and
exons are ligated together in a two-step process termed "splicing" to produce mature
mRNA. Both steps of pre-mRNA splicing are catalyzed by RNA within a complex molec-
ular machine consisting of 5 small nuclear ribonucleoproteins (U1, U2, U4/U6.U5 snRNPs)
and over 150 proteins: the spliceosome. For each intron to be spliced, the spliceosome
is assembled de novo on its preemRNA substrate in a stepwise manner catalyzed by
DExD/H-box ATPases, which remodel RNA-RNA and RNA-protein interactions of each
complex. Spliceosome assembly begins with consecutive association of Ul and U2 snRNPs
with the preemRNA, followed by the integration of the U4/U6.U5 tri-snRNP and sub-
sequent release of Ul snRNP to form a pre-catalytic spliceosome, or B complex. The B
complex lacks a catalytic center, and must therefore be extensively remodeled in a process
called activation, to form an activated complex (B** complex). Spliceosome activation
constitutes the largest flux in the composition of the spliceosome, with over 30 proteins
being dissociated and more than 25 being integrated to form the activated complex. The
activation phase is catalyzed by the DExD/H-box ATPase BRR2, which unwinds the
base-pairing between U4/U6 snRNAs, leading to the dissociation of U4 snRNP and nu-
merous proteins, and allowing for the reorganization of U6 snRNA to form intramolecular
base-pairing interactions as well as intermolecular base-pairs with U2 snRNA. The re-
sulting U2/U6 RNA-RNA network results in a triple-helix of RNA that coordinates two
divalent metal cations (Mg®") which are involved in splicing catalysis. While structural
and biochemical insights have been gleaned about both the pre-catalytic and activated
states of the spliceosome, it is unknown whether structurally and compositionally distinct
intermediates during the activation phase may exist. Moreover, the role of proteins in
facilitating the formation of the RNA-based catalytic center at the core of the spliceosome
is unclear. Using a previously identified small molecule chemical inhibitor of pre-mRNA
splicing, we isolated spliceosomes stalled at intermediate stages of activation. By employ-
ing single particle cryo-EM and image classifications, we identified two novel and distinct
states of the spliceosome following the release of U4 snRNP but prior to the formation of
an activated complex, which we termed pre-B**! and pre-B**2. The pre-B** structures
offer new insights into the massive exchange of proteins during activation as well as the
role of these proteins in guiding the formation of the RNA-base catalytic network formed
by base-pairing interactions between U2/U6 snRNAs.
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1 Introduction

1.1 Central Dogma of Molecular Biology

In all domains of life, genetic information is encoded in DNA, which forms the set of
molecular instructions required for an organism to function. DNA is transcribed into
RNA, which can then be translated into proteins that carry out specific roles in the cell.
Gene expression was long thought to be a unidirectional flow of information that could
be described as DNA —> RNA —> protein. This basic schema describing the conversion
of DNA instructions into functional proteins was formulated in the mid-20th century and
formed what Francis Crick termed the "Central Dogma of Molecular Biology" [1]. Towards
the latter half of the 20th century, it was discovered that large segments of transcribed
RNA served no clear functional role in eukaryotes. Genetic and biochemical studies
indicated that much more RNA was present than was strictly required for the synthesis of
the encoded proteins. Surprisingly, it was found that in many organisms, large segments of
noncoding RNA are removed from the newly transcribed precursor messenger RNA (pre-
mRNA), before mature mRNA is translated into protein by the ribosome. Genes bearing
this characteristic were termed "split genes," to describe how coding regions are initially
separated from one another by noncoding regions [2]. Coding regions were termed "exons"
and remain in the RNA template to form mRNA, whereas noncoding regions were termed
"introns," and are excised prior to the formation of the mature mRNA [3]. The molecular

process by which exons are ligated and introns are removed was termed "splicing" [4} [5].
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1.2 Pre-mRNA splicing

All nuclear pre-mRNAs have characteristic sequence features: a 5 and 3’ splice site (ss)
and a branch site (BS) (Fig. [1.1)). The 5'ss and 3'ss separate the intron from the 5 and
3" exons and consist of a conserved sequence of GU and AG in >95% of introns [6-8].
In a minor class of introns in higher eukaryotes, but not in simpler organisms such as S.
cerevisiae, the 5" and 3’ splice sites are demarcated by AU and AC [9, 10]. In all types
of pre-mRNAs, an adenosine nucleotide at the branch site (BS-A) is located within the
intron and is the nucleophile in the first step of splicing (Fig. . Nuclear pre-mRNA
splicing is carried out in two Sy2-type transesterification reactions: Step 1, or branching;
and Step 2, or exon ligation (Fig. . In Step 1, a 2’0OH group of the BS-A carries out
an Sy2 nucleophilic attack at the 5" end of the intron, looping the intron into an "intron
lariat" [ITHI4]. In Step 2, the 3’OH of the terminal 3’ nt of the 5" exon carries out an Sy2
attack the 5" end of the 3’ exon, ligating the two exons while leading to the dissociation of
the intron [I5] 16]. The ligated exons form a messenger RNA (mRNA) that can exported

to the cytoplasm to be translated into polypeptides by the ribosome [17].

After a gene is transcribed into pre-mRNA, it can be cleaved into numerous potential
mRNA products[I8, [19]. For example, a single pre-mRNA sequence can be processed to
generate thousands of protein isoforms in some cases; for example, one gene in Drosophila
melanogaster can code for up to 38,000 mRNAs [20, 2I]. This phenomenon is known as
"alternative splicing" and explains how relatively simple genomes can give rise to complex
proteomes in eukaryotes [22]. In humans, over 90% of genes containing more than one exon
are alternatively spliced [23]. Alternative splicing in lower eukaryotes (e.g., S. cerevisiae)
has been documented but does not occur to the same extent as in higher eukaryotes
[24-27]. Thus, alternative splicing is a means by which cells in higher eukaryotes such
as humans can produce hundreds of thousands of unique isoforms while containing a
genome of approximately 20,000 protein-coding genes [28]. The principal patterns of
alternative splicing are intron retention, exon skipping, variable splice site usage, and

mutual exclusion of exons (Fig. [1.2]) [22].
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Fig. 1.1: Pre-mRNA splicing reactions. The top panel depicts the basic structure of a nuclear
pre-mRNA, where the 5" and 3’ exons are depicted as colored rectangles while the intron is shown as a
solid line. Constitutive sequence elements at the 5’ss (GU) and 3’ss (AG) are colored green and orange.
The BS-A nucleotide is colored red. In Step 1 of splicing, the 2°0H of the BS-A attacks the 5’ss in an
Sn2-type reaction, resulting in the formation of an intron lariat. In Step 2 of splicing, the 3’ end of the
5" exon attacks the 3’ss, ligating the two exons and allowing for the removal of the intron lariat.

Intron retention occurs when an intron is not excised from the pre-mRNA and thus be-
comes part of the final mRNA template. Exon skipping is the excision of exons from the
pre-mRNA that could otherwise be translated into protein. Variable splice site usage is
the recognition of a non-consensus intron-exon boundaries. Mutual exclusion of exons is
removal of certain exons and the retention of corresponding ones, and vice versa. Alterna-
tive splicing patterns are regulated by multiple mechanisms, including binding of proteins
to the pre-mRNA which negatively or positively effect the expression of the gene on which
they act [22]. Alternative splicing is regulated in a tissue-specific manner, facilitating the
development of highly differentiated cell types in multicellular organisms [30]. Aberrant
alternative splicing is observed in many diseases, including several cancers, and can result

from mutations within the splicing machinery or the gene to be expressed [31].
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Alternative 5' Splice Sites Exon Exclusion
Alternative 3' Splice Sites Intron Retention

Mutually Exclusive Exons

Fig. 1.2: Alternative splicing patterns. Exons are depicted as rectangles and introns as thin black
lines. Blue rectangles indicate constitutively spliced exons whereas yellow or teal rectangles demonstrate
exons that are included in the mRNA as a result of alternative splicing. Bent gray or black lines indicate
the region that is excised. Adapted from [29].

Pre-mRNA splicing is heavily regulated by serine-arginine (SR) rich proteins and het-
erogeneous nuclear ribonucleoproteins (hnRNPs) that influence where splicing machinery
associates to the pre-mRNA [32], 33]. SR proteins typically enhance while hnRNPs gen-
erally repress splicing of a specific transcript, although both classes of proteins can bind
to the preemRNA at splicing enhancers or splicing silencers [34, 35]. Introns have been
shown to be coated with hnRNPs, but whether hnRNPs always bind in a sequence-specific

manner or as preformed complexes is not well understood [36-38].

Sequence elements of the pre-mRNA called enhancers and silencers provide binding sites
for proteins that positively or negatively regulate splicing by influencing the recognition
of splice sites and the assembly of the splicing machinery at specific positions [39]. An
enhancer or silencer is found within the intron or the exon, and is thus termed an "intronic
splicing enhancer /silencer" (ISE/ISS) or "exonic splicing enhancer/silencer" (ESE/ESS)
[23].
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1.3 Spliceosome

Both steps of preemRNA splicing are catalyzed by RNA within a multi-megadalton (up
to ca. 4 MDa, with it longest axis spanning approximately 400 A) ribonucleoprotein
(RNP) complex comprised of five small nuclear RNAs (snRNAs) and over 150 proteins,
the spliceosome. The spliceosome is a massive molecular machine consisting of 5 small
nuclear RNPs (snRNPS): Ul, U2, U4, U5, and U6 (Fig. [L.3). In addition, some higher
eukaryotes have a minor spliceosome in which U1, U2, U4, and U6 snRNPs are replaced
for Ul1l, U12, Udatac, and Ubatac snRNPs [9] [T0]. All spliceosomal snRNPs contain
several shared characteristics: uridine-rich small nuclear RNA (U snRNA), a heptameric

beta-propeller Sm core, and associated proteins [40)].

Biogenesis of spliceosomal snRNPs begins with the transcription of snRNA by RNA
polymerase II (Pol II) for all snRNPs except U6 snRNA, which is transcribed by RNA
polymerase III [42]. Pol Il-transcribed snRNAs are modified by the addition of a 5
7-methylguanosine (m’G) cap and 3’ polyadenylation before being exported to the cyto-
plasm through the nuclear pore complex [43, 44]. In contrast, U6 and Ubatac snRNAs are
not exported to the cytoplasm, but are instead assembled into functional snRNPs entirely

within the nucleus [45), [46].

Pol II-transcribed snRNPs associate with a heptameric complex consisting of B/B’, D1,
D2, D3, E, F, G Sm proteins [47, 48]. This complex is called an Sm core and forms a
doughnut-shaped beta-propeller that binds to snRNAs at specific RNA sequences con-
sisting of PuAU4-6GPu [49]. Sm-bound snRNAs are subsequently bound by additional
proteins and their m’G cap is hypermethylated to form 2,2, 7-tri-methyl guanosine (m*G)
and the 3’ end of each snRNA is shortened by ribonucleases [50-52]. The Sm core and
m3G cap together form a nuclear localization signal which is recognized by protein fac-
tors that aid in the import of the particle into the nucleus [53] [54]. Additional snRNP
proteins are imported separately into the nucleus and join the Sm core-bound snRNA to

form a mature snRNP [55], 56]. U6 and Ubatac snRNAs are not bound by Sm proteins,
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U4 U6
Ul U2 U5

Ul snRNA
Sm Sm Sm
70K A PRP3
A B" PRP4
C SF3Al PPIH
SF3A2 PRP31
SF3A3 SNU13
SF3B1 LSm
SF3B2 Sm
SF3B3 PRP8
SF3B4 BRR2
SF3B5 SNU114
SF3B6 U5-40K
PHF5A PRP6
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SAD1

Fig. 1.3: Composition of spliceosomal snRNPs. The protein and snRNA inventory of spliceosomal
snRNPs is depicted. Small nuclear ribonucleoproteins (snRNPS) consist of one or more small nuclear
RNA (snRNA) bound by numerous proteins. Ul and U2 snRNPs exist as individual particles and
associate to the spliceosome in a stepwise manner, yet the U4, U5, and U6 snRNPs are packaged into
a triple-snRNP (U4/U6.U5 tri-snRNP) in which U4 and U6 snRNAs are base-paired and associated to
U5 snRNP via protein-protein interactions. U2 snRNP contains the SF3a and SF3b complexes, which
account for the majority of the molecular weight of the particle. Each snRNA is bound to an Sm core,
with the exception of U6 snRNA, which binds a similar heptameric, doughnut-shaped LSm core. Ul
snRNP is the smallest snRNP of the spliceosome and is responsible for recognition of the 5'ss to form the
E complex. U2 snRNP recognizes and the BS-A and base-pairs with the pre-mRNA to form the U2/BS
helix, in which the BS-A is flipped out. U2 and U6 snRNPs form the catalytic RNA at the core of the
spliceosome, while U5 contributes to proper positioning of the pre-mRNA (5’ss). The snRNPs shown
here are joined by many additional proteins during the assembly and function of the spliceosome, but
snRNPs form the core structure of the complex. Adapted from [41].

but instead associate with Sm-like proteins that also form a heptameric ring structure:

LSm2-8 (or "LSm proteins") [57].

Spliceosomal snRNAs undergo extensive post-transcriptional modifications, including pseu-
douridylation and methylation [58,[59]. In addition to its constitutive 5’ tri-methylguanosine
cap, U2 snRNA contains at least 13 pseudouridines and 10 methyl groups [60]. In U2

snRNA, a pseudouridine near the branch site was shown to affect positioning of the BS-A
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for Step 1 of splicing [61]. All snRNAs of the major spliceosome have been reported to

undergo pseudouridylation and methylation [59].

Pre-mRNAs are also post-transcriptionally modified, which influences gene expression by
altering the usage of splice sites. RNA modifications have been documented to control
pre-mRNA splicing by altering how the spliceosome recognizes splice sites [62]. The
enzyme double-stranded RNA-specific editase 1 (ADAR2), which converts adenosine to
inosine, was shown to convert the sequence AA (adenosine-adenosine) to Al (adenosine-
inosine) within the intronic region of its own pre-mRNA [62, [63]. AI can be substituted
for the conserved AG dinucleotide of the 3’ss, and therefore caused the newly substituted
inosine to demarcate an alternative 3'ss [62, 64]. This results in alternative splicing of the
ADAR2 pre-mRNA, generating multiple isoforms of the enzyme [62, [65]. It was recently
demonstrated that pre-mRNA is chemically modified in vivo in eukaryotes; adenosine
methylation (m®A) of the AG dinucleotide at the 3'ss prevents binding of the protein
U2AF35, which is involved in recognition of the 3’ss and early assembly of the spliceosome
[66]. Thus modification of the pre-mRNA can alter splice site choice, thereby regulating

alternative splicing.

Assembly of the spliceosome and splicing of some pre-mRNAs occurs during transcrip-
tion, and is thus a co-transcriptional process [67]. The spliceosome begins to assemble
and splice pre-mRNAs as they are synthesized; that is, before they are released from
Pol II and the rest of the transcription machinery [68]. Ul snRNP recognizes the 5'ss
on the preemRNA, followed by binding of U2AF, U2 snRNP, and other splicing factors
that identify the BS and the 3'ss [69, [70]. Ul snRNP also has been shown to play a
role in regulating transcription by preventing premature transcription termination in a
process termed "telescripting', in which U1 bound to the pre-mRNA blocks cleavage and
polyadenylation at cryptic sites [71], [72]. Early insights into the structural basis of Ul
snRNP’s interactions with Pol II have recently been reported, outlining the molecular ar-
chitecture of portions of the co-transcriptional machinery [73]. Transcription factors are
also known to associate with the spliceosome, suggesting that parts of the transcription

apparatus may also regulate constitutive and alternative splicing [74H76].
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Splicing is also heavily regulated by post-translational modifications of core spliceoso-
mal proteins or proteins that bind to enhancer /silencer regions in the pre-mRNA. Post-
translational modifications of spliceosomal proteins regulate spliceosome function at all
stages of assembly and function [77]. Protein phosphorylation is perhaps the best un-
derstood post-translation modification in the spliceosome, and it can promote or repress
splicing, while also influencing which splice sites are utilized (i.e., regulation of alternative
splicing) [78, [79]. The best documented class of post-translational modifications in the
spliceosome are those of SR proteins [80], although the SF3B1 protein of the spliceosomal
U2 snRNP is also known to undergo phosphorylation [81]. Acetylation has been proposed
to be a regulator of pre-mRNA splicing, although understanding of the role of this mod-
ification is still in its early stages [82], 83]. Finally, ubiquitination was demonstrated to
play a role in spliceosome assembly by binding to PRPS8 (the core scaffold protein of the

spliceosome) and preventing the premature dissociation of U4 snRNP [84].

1.3.1 Assembly

For each round of splicing, the spliceosome is assembled anew on its pre-mRNA substrate
(Fig. , a process entailing major rearrangements in the molecular architecture and
composition of the complex. The functional cycle of the spliceosome can be divided into
four main phases: assembly, activation, splicing, and disassembly (Fig. . During the
assembly phase, Ul snRNP base-pairs to the 5'ss to form the E complex (where "E" stands
for "Early") [85, 86]. Base-pairing of U2 snRNA with a region of the intron containing
the branch site (BS) forms the pre-spliceosome, or "A complex" [87, [88]. The interaction
between U2 snRNA and the pre-mRNA forms a helix known as the U2/BS helix, which
remains intact for both steps of splicing. The U4/U6.U5 tri-snRNP is integrated into the
A complex to form the pre-B complex, which contains all 5 snRNPs of the spliceosome
[89]. In the pre-B complex, a connection is established between the U2 snRNP and the
U4/U6.U5 tri-snRNP via base-pairing of the 5" end of U2 snRNA and the 3’ end of U6
snRNA, which forms a duplex, U2/U6 helix II. This short helix is bound by the U6 LSm
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proteins and anchors the highly flexible U2 snRNP to the body of the tri-snRNP. Once

established, helix II remains intact throughout the remainder of the splicing cycle.

At this stage the 5ss of the intron, which is still base-paired to Ul snRNA, must be handed
off to the U5 and U6 snRNAs, allowing for the formation new base-pairing interactions
that anchor the 5’ss in place for Step 1 of splicing (Figs. and [90]. An invariant
sequence of ACAGA(GA) in U6 snRNA base-pairs to the region immediately downstream
of the 5’ss, forming the U6/5'ss helix. The hand-off of the 5’ss results in the dissociation of

U1l snRNP and the formation of the B complex, or precatalytic spliceosome (Fig. .

1.3.2 Activation

The B complex, while containing all of the snRNPs and pre-mRNA elements needed for
splicing to occur, does not yet contain an RNA-based catalytic center (Fig. [L.5)). For
this to occur, U4 snRNP must be dissociated from the complex, allowing for large-scale

structural rearrangements to take place (Fig. and [L.6).

U4 and U6 are extensively base-paired in the B complex and this interaction must be
therefore disrupted for an activated complex to be formed. An ATP-dependent RNA
helicase, BRR2, is involved in mediating the dissociation of U4 from U6 snRNA, freeing
U6 snRNA to base-pair with itself and with U2 snRNA to form an internal stem-loop
(ISL) and two short helices that are essential for pre-mRNA splicing (Figs. [L.7]

[911-93].

This transition from a precatalytic to an activated spliceosome is termed the "activation'
phase and constitutes the largest flux in protein and RNA composition of the entire
splicing cycle, with approximately 60 proteins being exchanged in humans (32 proteins
dissociatedEl, 28 incorporated) [94, 95]. Many of the proteins that are exchanged are
not part of snRNPs, but are rather individual proteins or pre-organized subcomplexes

that are dissociated from or integrated to the spliceosome. Activation results in the Bt

U4 Sm and U6 LSm complexes contain seven individual polypeptides each
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complex — containing U2, U5, and U6 snRNPs, all of which remain in the spliceosome
until splicing is complete — which contains a fully formed catalytic center (Figs. , ,
1.9). However, the B®* is not catalytically active, and must be further remodelled to
liberate the BS-A from the U2 snRNP-associated SF3a and SF3b proteins (Fig. [1.4)) [96].
Structural rearrangements lead to the formation of a catalytically active complex, "B*,"

which is poised to carry out Step 1 of splicing (Fig. [1.4]) [96], O7].

Rearrangements in base-pairing during activation also bring the BS-A and 5’ss progres-
sively into much closer spatial proximity en route to intermolecular distances at which
splicing can be catalyzed. In the B complex, the BS-A is separated from the 5'ss by
approximately 150 A [98]. In contrast, this distance is shortened to about 50 A in the
B** complex [99], although the BS-A remains sequestered within the SF3B1 protein of
the U2 snRNP and is therefore inhibited. The distance between the BS-A and 5”ss is
subsequently shortened to approximately 4 A in the catalytically activated B* complex
(as documented in S. cerevisiae, which has a highly similar catalytic center to that of

humans) immediately prior to Step 1 of splicing [100].

1.3.3 Splicing

Step 1 of splicing results in the C complex, in which an intron loop or 'lariat" is formed
(Figs. and [101]. Exon 1 and 2 are positioned into closer proximity to prepare for

exon ligation, or Step 2 of splicing, in a complex termed C*, which is catalytically active

(Figs. [L.1] and [L.4) [15], 102].

1.3.4 Disassembly

Completion of Step 2 of splicing results in a post-catalytic spliceosome, or P complex, in
which Exon 1 and 2 have been ligated, but the splicing machinery and intron are still
present [I03]. The P complex is dissociated into a messenger RNA particle (mRNP) and

a complex comprised of U2, U5 and U6 snRNPs plus the intron lariat, which together
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form an intron lariat spliceosome (ILS) [104]. The ILS is subsequently disassembled and
recycled whereas the mRNA can be exported to the cytoplasm to be translated into

protein by the ribosome.

1.3.5 Remodeling of the spliceosome by ATP-dependent

DExD/H-box RNA helicases

Transitions throughout the splicing cycle are driven by eight ATP-dependent RNA heli-
cases known as DExD/H-box ATPases [106], named after a conserved sequence of Asp-
Glu-x-Asp/His ("D-E-x-D/H") residues [107]. Several DExD/H-box helicases utilize the
energy from ATP hydrolysis to disrupt RNA basepairing (Fig. [1.5) [108]. DExD/H-box
helicases have both remodeling and proofreading functions in pre-mRNA splicing and are

required for assembly and disassembly of the spliceosome [109].

Two DEAD-box helicases, UAP56 and PRP5, are involved in the integration of the U2
snRNP onto the pre-mRNA, at which step a branch-site stem loop (BSL) of U2 snRNA

is unwound to allow for base-pairing with the BS of the intron, forming the A complex

[110-112).

Following the binding of the U4/U6.U5 tri-snRNP to form the pre-B complex, the DEAD-
box helicase PRP28 facilitates dissociation of base-pairing between Ul snRNA and the
5'ss, permitting the destabilization of Ul snRNP as well as the transfer of the 5'ss to loop
I of U5 snRNA [90, 113, 1T4]. This results in the pre-catalytic (B complex), which still

does not yet contain a catalytic center.

The DExD/H-box helicase BRR2 is involved in unwinding the U4/U6 duplex, resulting in
the dissociation of U4 snRNP and many associated proteins, while freeing the U6 snRNA
to form the internal stem-loop (ISL) as well as helix Ia and helix Ib with U2 snRNA,
resulting in a mature catalytic center of the activated spliceosome, or B** (Fig.

and [91), [IT5]. PRP2 is involved in proofreading the assembly of the RNP complex,
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Fig. 1.4: Splicing cycle. The 4 phases of the spliceosome’s cycle — assembly, activation, splicing, and
disassembly — are shown by the colored wheel. ATP-dependent steps involving DExD/H-box helicases
are indicated. ATP hydrolysis provides the "driving force" that catalyzes the forward progression of
the splicing cycle. Some DExD/H-box helicases exert their function in the spliceosome by rearranging
protein-RNA interactions instead of unwinding RNA helices. During the assembly phase, Ul snRNP
recognizes the 5'ss, and Ul snRNA base-pairs to the preemRNA to form the E complex. Two DEAD-box
helicases, UAP56 and PRP5, facilitate the binding of U2 snRNP to the pre-mRNA, where U2 snRNA
recognizes and base-pairs with the region surrounding the BS-A to form the A complex, sequestering the
BS-A within the HEAT repeats of the SF3B1 protein of the U2 snRNP. In the final stage of assembly,
the U4/U6.U5 tri-snRNP is loosely docked to the A complex to generate the pre-B complex, containing
all 5 spliceosomal snRNPs. Unwinding of base-pairing between the U1/5ss interaction (assisted by the
DEAD-box helicase PRP28) allows for the release of Ul snRNP and the transfer of the 5’ss to U5 snRNA.
At this point, the invariant ACAGA(GA) sequence of U6 snRNA base-pairs to the intron downstream
of the 5'ss, forming the U6/5'ss helix, resulting in the B complex, or pre-catalytic spliceosome. The
activation phase begins with the unwinding of the U4/U6 snRNA duplex (mediated by DExD/H-box
helicase BRR2), triggering the removal of U4 snRNP as well as a massive change in the RNA and protein
architecture of the spliceosome to generate a B complex, or activated spliceosome, which contains
a fully formed, RNA-based catalytic center. Activity of the DEAH-box helicase PRP2 is involved in
the removal of the SF3a and SF3b complexes of the U2 snRNP, freeing the BS-A to carry out Step 1
(branching) of splicing in the B* complex. The resulting C complex is catalytically activated following
the action of the DEAH-box helicase PRP16, generating the C* complex, which carries out Step 2 (exon
ligation) of splicing. The postcatalytic spliceosome (P complex), containing the ligated exons as well as
the intron lariat, is dissociated following the action of DEAH-box helicase PRP22, freeing the mRNA and
associated proteins (mRNP) and intron lariat spliceosome (ILS). The ILS is broken down into individual
snRNPs and the intron lariat in a process mediated by PRP43 (a DEAH-box helicase), completing the
disassembly phase. The mRNA is exported to the cytoplasm to be translated by the ribosome. Adapted

from [4T], [T05].
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leading to rearrangements that bring about a catalytically activated spliceosome (B*)

which carries out Step 1 of splicing, resulting in the C complex [116].

Following Step 1 of splicing, PRP16 is involved facilitating dissociation of the proteins
YJU2 and CWC25, allowing for structural rearrangements of the reactants within the
catalytic center [I17, [I18]. Following the action of PRP16, the catalytically activated

Step 2 spliceosome (C* complex) is formed, poised to carry out exon ligation [15] [102].

PRP22 is implicated in dissociating the postcatalytic spliceosome (P complex) into an
mRNP and intron lariat spliceosome (ILS), preparing the former to be exported from the
nucleus and the latter to be further processed [119 [120]. Finally, PRP43 catalyzes the
disassembly of the ILS, allowing U2/U6 and U5 snRNPs and associated components to
be recycled [121]. Thus the major rearrangements in the RNA-RNA and RNA-protein
interactions of the spliceosome are driven by DExD /H-box helicases, which use the energy
of ATP hydrolysis to drive the splicing cycle forward, albeit through mechanisms that

remain largely unclear.

Nearly all DExD/H-box proteins involved in splicing associate transiently with the spliceo-
some, although the Ub snRNP-associated helicase, BRR2, remains bound to the core
spliceosomal machinery throughout the entire splicing cycle [122]. Moreover, BRR2 is
repositioned throughout the entire splicing cycle [122]. Prior to activation, BRR2 docks
onto U4 snRNA (see also. As BRR2 is responsible for the activation step, it must be
tightly regulated to prevent premature unwinding of the U4/U6 duplex, involving many
protein-protein interactions that either physically separate BRR2 from premature load-
ing onto its substrate or that block the RNA binding channel of the complex [123-126].
Disruption of U4/U6 base-pairing triggers the most drastic change in RNA-RNA network

of the spliceosome, paving the way for activation to occur (Fig. [1.5]).
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Fig. 1.5: RNA remodeling events during assembly and activation. The major events in the
remodeling of the RNA-RNA interactions during assembly (upper panel) and activation (lower panel)
are depicted. In the upper panel, the stippled green line indicates the continuation of assembly as the
E complex, containing only the Ul snRNP, is not included. Base-pairing interactions that are either
disrupted or formed are indicated as colored lines. The U2/BS helix, established in the A complex, is
colored teal. The BS-A is labeled and depicted as a bulged nt in the U2/BS helix. U2/U6 helix II, first
formed by the integration of the tri-snRNP to the A complex to form the pre-B complex, is dark blue.
The sequences of the intron and the U6 snRNA that base-pair to form the U6/5'ss helix are indicated in
light purple. New base-pairing interactions formed upon activation, which comprise the catalytic center,

are indicated in dark yellow (U2/U6 helix I, consisting of helix Ia and Ib) and crimson (U6 ISL). Adapted
from [4T], [TT3].
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1.4 Spliceosome activation

Catalytic transesterification steps 1 and 2 of pre-mRNA splicing are catalyzed by RNA
(Figs. [127]. More specifically, the catalytic center of the spliceosome is
constructed from the base-pairing and tertiary interactions between U2 and U6 snRNAs.
However, these interactions are not found in the B complex, as the U6 nucleotides relevant
for formation of the catalytic center (A50-U74) are base-paired to U4 snRNA. Thus, the
spliceosome’s catalytic center is not a preformed entity, and is instead formed for the first

time during activation of the spliceosome on its pre-mRNA substrate.

ug
32 proteins
U4 snRNA
ve Y4 U6 [ yo
us us
B complex 28 proteins B2 complex
(pre-catalytic) (activated)

Fig. 1.6: Remodeling of the spliceosome during activation. The snRNP inventory of the B
complex (pre-catalytic spliceosome) and B2t complex (activated spliceosome) are shown as colored circles
assembled on the pre-mRNA substrate, with exons represented as rectangles and the intron depicted as
a black line. BRR2 uses the energy of ATP hydrolysis to catalyze spliceosome activation, resulting in the
dissociation of U4 snRNP, including approximately 32 proteins and U4 snRNA. Approximately 28 new
proteins are subsequently integrated into the spliceosome, facilitating structural rearrangements and the
formation of the catalytic center in B2ct.

In order for activation to proceed, the U4/U6 duplex must be unwound by BRR2, allowing
for the release of U4 snRNA and multiple proteins (Fig. [1.6)). This frees U6 snRNA to es-
tablish new intramolecular base-pairing interactions as well as intermolecular base-pairing
interactions with U2 snRNA. The result of this reorganization of RNA-RNA interactions
is the formation of three conserved secondary structures that are the key components of
the catalytic center: the U6 internal stem-loop (ISL), U2/U6 helix Ia, and U2/U6 helix
Ib (Fig. [91), 115]. The U6 nucleotides A53, G54 and C55 of helix Ib comprise the
invariant sequence AGC, known as the catalytic triad. Together with the U6/5’ss, these

secondary structures are positioned in a compact arrangement such that a catalytically
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essential triple helix is formed (Fig. |1.7]) [128]. The first two strands of the triple helix
are contributed by the Watson-Crick base-pairing of U2/U6 helix Ib, consisting of the
catalytic triad (U6 nts A53, G54, C55) and three nts of U2 (G20, C21, and U22) (Fig.
1.8). The third and final strand of the triple helix is contributed by the U6 nts G46,
A47; and UT74, which engage in Hoogsteen interactions with U6 nts Gb4, A53, and C55
(i.e., the catalytic triad), respectively [129]. U6 nts G46 and A47 form the 3’ end of the
conserved ACAGA(GA) sequence of the U6/5'ss helix, while U74 is bulged out of the U6
ISL. U2/U6 helix Ia connects these secondary structures to allow for the triple helix to
be formed, bringing the U6/5'ss, helix Ib, and the ISL into close proximity. Nucleotides
of the triple helix coordinate divalent metal ions that stabilize reaction intermediates in

Steps 1 and 2 of pre-mRNA splicing (Fig. [1.9)) [128], 130].

Another type of intron — known as Group II — is excised by a two-step mechanism that
is very similar to that found in the spliceosome [132]. Group II introns have not been
detected in the human genome, but are found in the genomes of bacteria, archaea, and
eukaryotic organelles (mitochondria and chloroplasts) of several eukaryotic genomes [133].
In addition, Group II introns and nuclear pre-mRNAs exhibit similar sequences at the
5" and 3’ termini of their introns: GUGYC and AY in Group II, GU and AG in nuclear
pre-mRNA introns (Fig. [1.8) [I34]. Group II introns fold into catalytically active RNA
structures that facilitate their own removal [L06]. A Group II intron forms six conserved
secondary structure domains: D1-D6 [I35] [136]. At the core of a Group II intron lies an
RNA triple-helix comprised of tertiary interactions between three of these domains: D2,
D3, and D5 (Fig. [1.8) [132]. The nucleotides of D2 and D3 involved in this interaction
are referred to as "J2/J3," as they are situated at the junction ("J") between these two
domains [I37]. D5 forms an internal stem-loop structure existing in all Group II introns

[138].

As in the spliceosome, the Group II catalytic center contains an internal stem-loop (D5)
and an invariant AGC catalytic triad. These structures interact with an upstream GA
sequence (i.e., analogous to the U6 nts G46 and A47 of the ACAGA(GA) sequence in

the spliceosome) to form a catalytically essential triple helix of RNA, which coordinates
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Fig. 1.7: Folding of catalytic RNA in the spliceosome. The U4/U6 and U6/5'ss RNA structures
of the B complex are depicted as a 2D diagram (top-left panel) and 3D structure (bottom-left panel).
U4 snRNA is depicted in gray, pre-mRNA in red, and U6 snRNA in yellow. U6 nucleotides that later
contribute to the catalytic center are indicated in blue (G46, A47, which are the 3’ terminal nts of the
U6 ACAGA(GA) sequence), purple (U6 nts of U2/U6 helix Ib; also called the catalytic triad: A53, G54,
C55), and UT4 (cyan). U6 nts (G49, A50, U51, U52) that later base-pair with U2 snRNA to form helix Ia
are indicated in lavender. With the exception of G46 and A47, U6 nts that participate in catalytic center
formation are base-paired to U4 snRNA. C68 is indicated in brown for orientation purposes. Following
BRR2 unwinding of U4/U6 snRNA, U4 snRNA is released during activation. The mature catalytic center
of the B*°* is depicted as a 2D diagram (top-right panel) as well as a 3D structure (bottom-right panel).
U2 snRNA is colored green. The nucleotides that participate in Hoogsteen interactions to form the triple
helix are indicated by stippled lines in the 2D diagram (top-right panel) and by an arrow in the 3D
depiction (bottom-right panel). Model for B**: PDB 6FF4. Adapted from [I31].

divalent metal cations required for splicing catalysis [128] [141], 142]. The 3D architecture
of the RNA at the catalytic center in Group II introns is thus highly similar to that of the
spliceosome (Fig. [128]. Taken together, these lines of evidence suggest that Group
IT introns and nuclear pre-mRNAs may share a common evolutionary lineage, resulting

in the conservation of the RNA core of the spliceosome [143].

Group II intron splicing occurs in an autocatalytic manner that does not require proteins

[142]. Instead, a network of RNA-RNA interactions not found in the spliceosome stabilizes
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Fig. 1.8: Comparison of triple helix in Group IIB introns and spliceosomal snRNA. Nu-
cleotides (orange) that form Hoogsteen interactions (indicated by stippled lavender line) with the ACG
catalytic triad (yellow) are depicted. In Group IIB introns, an adenosine (A) nucleotide of Domain V is
present instead of a uracil (U) as in the spliceosome. U2 nts of U2/U6 helix Ib (green) are indicated.
The interactions of these nucleotides form a triple helix in Group IIB introns and spliceosomal snRNA.
Adapted from [128|, 136}, 139} [140]
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Fig. 1.9: Coordination of divalent metal ions by RNA in the catalytic center of Group IIB
introns and the spliceosome. Divalent metal cations (magnesium, in the spliceosome) within the
catalytic center are designated M1 and M2 (pink) and coordination thereof is indicated with stippled
grey lines. Nucleotides of Domain V (Group IIB) and U6 ISL (spliceosome) that coordinate M1 and M2
are indicated in yellow. The phosphate group of the 5'ss is designated with a black arrow ("splice site").
Breakage of the covalent bond between the phosphate at the 5’ss nt and the 5 exon, and consequent
formation of a covalent bond between the 2°OH of the BS-A and the phosphate at the 5'ss nt of the 5’
end of the intron is indicated with a stippled black line. Adapted from [128], [136], 139} 140]
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the Group II catalytic center [144]. In stark contrast to the spliceosome, the spliceosome’s
catalytic center is completely surrounded by numerous proteins. The largest of these is
the most conserved and largest single component of the spliceosome by molecular weight,

PRPS [145] [140].
Structural studies of spliceosome complexes by cryo-EM

Spliceosome structure and function is highly conserved throughout eukaryotes [147], with
almost all S. cerevisiae splicing components having homologs in humans [41]. In contrast
to those of yeast, spliceosomes of higher eukaryotes such as humans are estimated to
contain as many as 80 additional splicing factors, many of which are required for regulation

of splicing in more complex genomes [41].

Single particle cryo electron microscopy (cryo-EM) has emerged as a standard method
for reconstructing the 3D structures of dynamic macromolecular complexes, such as the
spliceosome. Compared to X-ray crystallography or nuclear magnetic resonance (NMR),
a major advantage of cryo-EM is that different conformations and species within a single
biochemical purification can be extensively sorted through image classification techniques.
Moreover, cryo-EM does not require crystallization, therefore removing a time-intensive

search for crystallization conditions.

In cryo-EM, biological samples are vitrified within a thin (typically <500 A) layer of buffer
and are imaged within an electron microscope operated at liquid nitrogen temperature
(-196°C) [148, 149]. Images in cryo-EM are formed as a result of the interaction of
the electron beam with the sample and are collected on a direct electron detector [150].
The resulting image, called a micrograph, contains projections of the macromolecules
within the sample. Due to optical imperfections (i.e., aberrations) in electron microscopes,
micrographs are not perfect representations of the projected macromolecules, but are
systematically blurred. This blurring is described by a point spread function (PSF), which
quantitatively evaluates how distortions in the optical system influence the quality of the
resulting micrograph [I51]. Micrographs are recorded in real space, but determination of

their PSF and corresponding ideal image is more easily achieved in Fourier space, in which
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the PSF is described by the Contrast Transfer Function (CTF) [I52]. The CTF takes into
account the parameters of the optical system, such as spherical aberration, defocus, and
electron wavelength [I53]. The CTF describes the phases and amplitudes recovered in
a micrograph as a function of spatial frequency (i.e., resolution). CTF correction is a
method in which CTF parameters for every micrograph are estimated and applied to
recover an approximation of a perfect image. Thus, it is crucial that CTF parameters are
as accurate as possible to avoid introduction of artefacts in the data processing pipeline.
CTF correction is typically carried out following motion correction and dose-weighting

(see below).

Irradiation of thin vitreous films by the electron beam in cryo-EM results in beam-induced
motion and radiation damage of the biological sample. Motion and radiation damage both
limit the amount of information in a micrograph and thus reduce image quality [154} [155].
To mitigate the motion in an image, the thin film of vitreous buffer can be suspended in
grids with small holes and/or on top of a thin layer of amorphous carbon film [149] [156].
Moreover, direct electron detectors with fast frame rates and are used to collect “movies”
of the sample over a few seconds, allowing the individual frames to be aligned to one
another to account for intra- and interframe motions during acquisition (i.e., “motion

correction”) [I57].

Biological samples are sensitive to radiation damage, limiting the “dose” or fluence that
can be used to record a micrograph (number of electrons per unit area per unit time).
Radiation damage is unavoidable, but can be mitigated by low temperatures, which are
thought to limit the diffusion of free radicals produced by ionizing radiation [152], [15§].
High frame rates of most modern direct electron detectors used to collect micrographs
also allow for the fractionation of the dose across many individual frames. Initial frames
are exposed to the least radiation and therefore contain the highest resolution information
[158]. Thus, weights can be assigned that take into account the relative contribution of
high and low resolution signals within subframes of a micrograph, with earlier frames
having higher weights for high resolution information than later frames. This approach

is known as “dose weighting” [159}, [160].
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As a result of low electron fluence required in cryo-EM to mitigate radiation damage,
micrographs have very low signal-to-noise ratios (SNR), complicating direct interpretation
of single projection images of macromolecules. To overcome this low SNR, thousands of
single particle images in similar orientations are averaged. Practically, this is achieved
by first identifying individual individual macromolecules (i.e., "particles") within each
micrograph and subsequently cropping them out as individual images. Particle images
are subjected to reference-free alignment and classification, in which particles with similar

orientations and properties are sorted iteratively into groups or “classes” [161].

Well aligned 2D classes often reveal ordered domain structures and often finer secondary
structure features of the sample. In ideal cases, the random orientation of the sample
in the vitreous buffer leads to many different orientations of particles, thus resulting in
distinct “views” of the macromolecular complex. Poorly defined classes often represent
damaged particles or debris that are excluded from further processing. Particle images

belonging to well defined 2D classes are retained for structure determination.

The next step of image processing is to determine how 2D projection images of a macro-
molecule are related to the 3D object from which they are derived. Once particle images
are annotated with these angular assignments (Euler angles), they are used to generate
a 3D model ab initio from the data [162] [163]. Starting models generated in this manner
are free from model bias and therefore do not introduce parameters which could lead to
spurious results from an external reference. The ab initio starting model is then used
as a reference to carry out 3D classifications, in which the 3D volume is reprojected and
matched to single particle images (“projection matching”) belonging to distinct classes
[164]. Angular assignments of particle images are iteratively refined to result in higher
resolution reconstructions, as the angular assignment becomes progressively more accu-

rate.

3D classification is a powerful tool for sorting out conformational differences in biochemical
samples in which multiple distinct macromolecular complexes may exist. In some cases,

3D classification is also used to focus only on smaller regions of a large complex that may
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be flexible in relation to a large, well aligned portion of a macromolecular complex. If left
unclassified, such regions are often poorly resolved due to structural heterogeneity in the
overall reconstruction of the complex. Several approaches have been adopted to address
this challenge, including in silico subtraction of stable regions directly from particle images
followed by classification of the region of interest [I65]. One of these approaches, known
as multi-body refinement, involves signal subtraction and 3D refinement (see below) of
two or more rigid bodies within a macromolecular assembly [166], allowing simultaneous
refinement of several regions of a single complex. In addition, structural heterogeneity
in the sample has been described by 3D principal component analysis (PCA), yielding
energy landscapes that provide quantitative representations of distinct sub-populations

of a macromolecular complex [99] [167].

Following computational sorting to obtain more homogeneous populations of 3D recon-
structions, a map is refined against a 3D reference. All particle images contributing to
a map chosen for refinement are split into 2 random subsets and independently recon-
structed. The resolution of an EM map is estimated by comparing the two subsets that
are divided during map refinement [I68]. The overall resolution is estimated to be the
spatial resolution at which the correlation of the maps is 0.143 [I69]. This method is called
Fourier Shell Correlation (FSC) and is the primary method of estimating resolution of
EM maps [170]. FSC estimations report a single resolution value, but resolution in EM
maps is often highly variable. Better aligned or more stable portions of a macromolecular
complex are generally better resolved, while poorly aligned or flexible regions are less well
resolved. Local resolution estimates differ substantially from global resolution estimates
in many cases [I71]. In some cases, the local resolution can be improved with focused

classifications or multi-body refinements.

After reconstructions of the macromolecular complexes are determined and classified us-
ing 3D classification and refinement, molecular models of the complexes can be built. It
is through model building and interpretation of the resulting structures that biological
insights from the cryo-EM reconstructions begin to emerge. In most cases, model building

begins by consulting the biochemical composition of a sample, which is either known in ad-
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vance (e.g., for in vitro reconstitutions) or determined experimentally (e.g., endogenously
purified complexes). Once the biochemical composition of the sample is well character-
ized, this information can be used to begin building a model of the 3D reconstructions
from single particle cryo-EM. Model building is carried out iteratively, often beginning
by docking the largest subunits into well defined density elements followed by docking of
progressively smaller units. Experimentally determined or predicted structures of individ-
ual components often differ in conformation from those within a macromolecular complex,
necessitating adjustments of inter-domain or flexible regions of reference structures within
the 3D reconstruction [I72]. For large assemblies containing many (e.g., >10) proteins,
such as the spliceosome, it is helpful to have cross-linking mass spectrometry data to guide
modeling, as protein-protein and protein-RNA crosslinks assist in determining which com-
ponents are likely to interact within a macromolecular complex [173, [174]. In practice,
model building is often a very time consuming step of structure determination, especially
in parts of the map where regions of multiple components converge. After all components
have been identified and docked within the density maps, the model is subjected to a
refinement (or fitting) step to minimize geometric errors and atomic clashes such that the

model is accommodated within the density, but is not overfitted [175], [176].

Cryo-EM is the method of choice for structural biology studies of spliceosomes, as it allows
for classification of conformational and compositional heterogeneity of highly complex
macromolecules. Structures for many individual components of the spliceosome have
previously been determined by X-ray crystallography or NMR, including the pioneering
achievements of structures for Ul snRNP and the core spliceosomal proteins PRP8 and
BRR2 [I77HI8I]. However, crystal structures of functional splicing complexes proved
elusive due to the dynamic nature of the spliceosome. The "Resolution Revolution',
resulting from major advancements in software and hardware used for single particle
cryo-EM, has made it possible to determine the molecular architecture of highly dynamic
complexes to sub-nanometer resolution [182], and it is reasonable to expect that further
improvements will lead to resolutions better than 2 A even for large assemblies[183] 184].

Aided by a wealth of previous biochemical studies as well as protein-protein cross-linking
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mass spectrometry (XL-MS) data, cryo-EM structures for all major yeast and human
intermediates (with the exception of the human E, A, and B* complexes) have been
determined in the last 6 years, uncovering deep insights into assembly, activation, and

function of the spliceosome [122, 185 [186].

1.4.1 Architecture of PRP8 and overview of its dynamics

PRPS8 is a 220 kDa, multidomain protein that forms the central scaffold of the spliceosome,
is an integral component of U5 snRNP, and joins the complex as part of the U4/U6.U5
tri-snRNP during conversion of the pre-spliceosomal A complex to the pre-catalytic B
complex (Fig. [1.4) [187]. PRP8 consists of a large N-terminal domain (NTD) connected
to a helical bundle (HB) via a NTD Linker (NTDL) region, a reverse transcriptase-
like/endonuclease-like (RT/En) domain, an RNaseH-like (RH) domain, and a Jabl do-
main connected by short linker regions (Fig. [122]. PRP8™! contains an RNase
H-like active site but is not known to unwind RNA duplexes [I88]. The RT/En domain
contains several smaller domains, including the Thumb/X, a Switch-Loop (SWL), Linker,
a-finger [122]. This multidomain organization affords the spliceosome a massive amount

of flexibility in organizing the molecular architecture of the complex.

I RT/En ——

1 63 662 800 1180 1579 1754 2000 2067 23052336
NTDL SWL a-finger B-finger
(663-677) (1329-1367) (1504-1537)  (1786-1904)

Fig. 1.10: Domain architecture of PRP8. The multidomain architecture of PRPS8 is depicted.
PRPSRT/EN ig indicated, containing the PRP8SWL and PRP&finger . pRPSNTD  PRPSNTPL  PRPSHE,
and PRP8RT/E" surround the active site, while the C-terminal PRP8®H and PRP8”2P! play regulatory
roles.

Early crosslinking and structural investigations determined that pre-mRNA as well as
spliceosomal snRNAs associate with PRP8 and that several important secondary struc-
tures of U2 and U6 snRNAs, later found to be the catalytic center, were likely situated
within a large cavity of PRP8 [145], 180, 189]. This large cavity is formed by the arrange-
ment of the NTD, RT/En and the HB domains of PRP8, which form a compact region

in which the active site U2/U6 is situated [180].
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The molecular architecture of PRPS8 is very comparable to the 3D structure of Group II
introns, suggesting that the environment surrounding the catalytic RNA structures of the
spliceosome and Group II introns is conserved, despite the fact that one compartment is
composed of RNA and the other of protein and RNA| respectively [I80]. This finding sug-
gested that the protein "mold" of the spliceosome may have emerged throughout evolution
to replace the RNA-only scaffold of Group II introns or a similar common ancestor [134].
However, PRPS alone is not likely to be sufficient for the formation and stabilization of
the active site, which is surrounded by additional proteins in the activated complex (see

T.45).

Several domains of PRP8 are highly dynamic throughout the splicing cycle, regulating
the progression of spliceosome assembly and activation. The C-terminal region of PRPS is
involved in regulating the DExD /H-box helicase BRR2 to prevent premature unwinding of
the U4/U6 snRNA duplex, which could lead to premature activation [124], 190, 191]. The
RNase H domain was found to have multiple regulatory functions, including regulation
of BRR2 activity as well as control of splicing catalysis, and has been reported to toggle
between different conformations to regulate splicing fidelity [188, 192H194]. Cryo-EM
structures documented the dynamic nature of PRPS, showing that the RNase H and Jab
domains are highly mobile and occupy distinctly different positions in nearly every stage
of the splicing cycle [T95HI99]. The switch-loop (SWL) domain of PRP8 (PRP8*WL) is
repositioned during spliceosome activation, and is returned to its original position after

splicing is complete [200].

The overall conformation of PRP8 gradually transitions from an open to a closed con-
formation as the spliceosome is assembled (Fig. [L.11]). In the tri-snRNP as well as the
pre-B complex, PRPS8 is in an open conformation, with the En domain separated from
the NTD domain. Following the formation of the pre-catalytic B complex, the RT /En
domain pivots on the NTD such that the En repositioned closer to NTD, yet remains in
an overall open conformation. These movements are accompanied by slight rotation of

the HB domain, which is connected to the NTD via the NTDL.
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Fig. 1.11: PRP8 conformational change. PRP8NTP (light grey), PRPS8"® (light pink), PRP8RT
(light pink), and PRP8®" domains (salmon) are depicted in their conformations as found in the pre-B,
B, B*t, and C complexes. The PRPSNTPL (dark grey), which surrounds catalytic center (dark teal) is
indicated by a stippled line (unstructured) or a surface representation (structured). In the tri-snRNP (not
shown) and pre-B complex, PRPS8 is in an open conformation. Release of Ul snRNP and PRP28 results
in a slight pivoting of the PRP8RT/En narrowing the gap between PRP8NTP and PRP8E" to generate
a partially open conformation in the B complex. Following release of the B-specific proteins, PRPSF" is
clamped onto PRP8NTP to form a closed conformation of PRPS8. The catalytic center is nested within
the cavity formed by the closed conformation of PRPS8 in B2¢*. Following Step 1 of splicing, the remaining
proteins wedged between PRPSF™ and PRP8NTP are destabilized, allowing for the distance between the
domains to be even more restricted in the C complex. PDBs 6QX9 (pre-B complex), 6AHD (B complex)
complex, 5758 (B** complex), and 5YZG (C complex) shown.

The largest conformational change of PRP8 occurs in the transition from the B to the
B** complex during activation: the En domain clamps down onto the NTD, while the
RT domain is concomitantly shifted upwards relative to the NTD (Fig. [1.11)). This closed
conformation thus forms a compact "chamber" that harbors the mature catalytic center
of the B**. Following Step 1 of splicing (i.e., in the C complex) proteins that reside
within the gap between the NTD and En domains have been displaced, allowing the En
domain to clamp even more tightly onto the NTD. The fully closed conformation of PRPS8
is retained through Step 2 of splicing and is intact in the post-catalytic spliceosome (P

complex). PRPS is thus a dynamic scaffold that facilitates the organization of the entire

spliceosome, in particular the active site U2/U6 RNA network.

1.4.2 Cryo-EM structure of the pre-catalytic spliceosome (B

complex)

Comparison of the cryo-EM structures of the pre-B and B complexes reveals drastic

rearrangements in the molecular architecture of the spliceosome leading up to activation



1.4 Spliceosome activation 27

[196, 201]. In both complexes, the U5 snRNP proteins PRP8, BRR2, SNU114, U5 Sm, and
U5-40K as well as the U5 snRNA form the rigid core of the complex. U4/U6 components
are positioned upon the U5 snRNP scaffold, held in place by the U5 protein PRP6 as well
as the tri-snRNP proteins DIM1, SNU66, and SAD1 [195].

U2 snRNP is loosely associated to the complex by U2/U6 helix II. In the pre-B com-
plex, all 5 snRNPs are still present and the 5’'ss is not yet base-paired to U6 and Ub
snRNAs to form the U6/5'ss helix and the exon-Ub interaction found in the activated
spliceosome. Moreover, BRR2 is kept in its tri-snRNP orientation, separated from its
U4/U6 snRNA substrate. Unwinding of the U1/5'ss interaction allows for the release of
DExD-box helicase PRP28 and for the integration of the 5'ss and U6 ACAGA sequence
into the core of the spliceosome. The release of PRP28 and Ul snRNP likely allows for
the large-scale repositioning of BRR2 onto U4 snRNA, where it is primed to unwind the
U4/U6 base-pairing that keeps this interaction intact. Repositioning of BRR2 is also
accompanied by the translocation of U4 Sm, including the 3’ domain of U4 snRNA, as
well as the repositioning of the entire U2 snRNP and U4/U6 di-snRNP. The tri-snRNP
proteins RBM42 and PRPF4B are also dissociated at this stage. The remaining building
blocks of the complex are thus the U2 snRNP and almost all components from a heavily

remodeled U4/U6.U5 tri-snRNP.

These major rearrangements make way for the integration of a set of proteins that were
first identified as co-purifiying with the B complex, the B-specific proteins, which consist
of PRP38, SNU23, MFAPI1, UBL5, FBP21, SMU1, RED, WBP11 and PQBP1 [202].
Intriguingly, only PRP38, SNU23, MFAP1 and UBL5 have known homologs in S. cere-
visiae (Prp38, Snu23, and Spp381, Hubl), suggesting that the remaining five proteins
may have evolved as regulatory factors to handle the more complex genomes of higher
eukaryotes [122]. In the B complex, the PRP8®™ domain is rotated toward PRP8NTP
but still displays an open conformation. PRP38, SNU23, MFAP1, and UBL5 — all of
which have homologs in yeast — bind to this large cleft separating the PRP8NTP and
PRPS8¥" domains, which was previously occupied by the RecA domains of PRP28 in the

pre-B complex. This is a mutually exclusive interaction observed between the pre-B and
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B complex, one of many in the assembly of a functional spliceosome. UBLS5 is situated
very close to the 5ss, possibly stabilizing this interaction leading up to Step 1 of splicing
[203]. PRP38 makes contacts to SNU23, MFAP1, and UBL5, likely acting as a platform
upon which these factors are organized [204]. SNU23 passes alongside the U6/5ss helix.
FBP21 is positioned at the interface between the helicase BRR2 and its U4/U6 substrate,
appearing to prevent premature unwinding of this duplex. The U2 snRNP, although still
loosely associated to the body of the spliceosome by U2/U6 helix 11, is partially stabilized
by contacts to SMU1 and RED, which form a heterodimer that bridges the U2 protein
SF3B3 to BRR2. SMU1 and RED were shown to be important for the splicing of short
introns (e.g., 200 nts or fewer) [205]. The remaining B-specific proteins, WBP11 and
PQBP1 (also known as NPW38BP and NPW38), were also detected in the biochemical
preparation of the B complex but were not observed in the cryo-EM structure, hinting
that they may act at a distance or bind transiently to the spliceosome during B complex

formation [196].

Despite major conformational and compositional remodeling, the catalytic center of the
spliceosome is still not formed in the B complex. For this to occur, the U4/U6 snRNA
duplex must be unwound by BRR2, leading to the dissociation of the U4 snRNP; the U5
proteins PRP6, DIM1, SNU66, and SADI1; as well as the U6 LSm proteins from U2/U6
helix IT [99]. In particular, PRP6, DIM1, and PRP31 occlude the large cavity between
PRP8NTP and PRP8"B in which the catalytic center will be formed. Thus, removal of
these factors is a clear prerequisite for activation. The U2 snRNP must subsequently
and dock onto PRP8RT/E" to allow for new base-pairing interactions between U2 and U6
snRNA to form within the nascent catalytic center (see . The B-specific proteins
must be dissociated from the complex, allowing for a conformational change in PRPS8
from an open to a closed conformation (Fig. . This drastic loss of approximately 32
proteins and U4 snRNA from the B complex allows for the incorporation of approximately
28 additional proteins, leading to massive rearrangements in the molecular architecture
of the spliceosome en route to an activated complex containing a fully formed catalytic

center (Fig. [1.12]).
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1.4.3 Exchange of protein and RNA components during activation

The activation phase comprises the largest change in composition and molecular architec-
ture of the spliceosome (Fig. [97]. Formation of the catalytic center — including the
U6 ISL and U2/U6 helix Ia and Ib — requires the removal of the U4/U6 proteins and the
integration of numerous non-snRNP proteins into the spliceosome. Many of these pro-
teins are organized into subcomplexes that join the spliceosome as preformed units, while
certain other proteins are reported to join the spliceosome as independent entities (Fig.
1.12)). The major subcomplexes that join during activation to form the B** complex are
the Retention and Splicing complex (RES), NineTeen Complex (NTC), and the Intron
Binding Complex (IBC) (Fig. [L.13). Additional proteins that join the spliceosome during
activation are the NineTeen Complex Related (NTR) proteins, SRRM1, SYF3, PPIL2,
PRP17, CWC22/CWC27, RNF113A, SRRM2, PRP2, and GPKOW.

Late
u2 B-specific U2 U5  B-specific hNTC IBC acting
U2 RNA u5 RNA U2 RNA U5 RNA PRP19 cwc27
Sm Sm Sm CDC5L cwc22
A PRPS A PRP8 PLRG1 RNF113A
B" BRR2 [NUBLESIN B" BRR2 SPF27 SRRM2
SF3A1  SNU114 - 32 proteins SF3A1  SNU114 cwcis
SF3A2  U5-40K U4 snRNA  SF3A2  U5-a0K CTNNBL1 Step 1 SF
SF3A3 PRP6 [NNERIEN SF3A3 ! hNTR PRP2
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SF3g2 SNUe6e [NFBP2ZIIN SF3B2 . PPIL1 |
sF3p3  SADL SF3B3 ERBEM22H PPIL2
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Fig. 1.12: Protein and RNA exchanges during activation. The protein and RNA composition of
the B complex (left) and B2¢* complex (right) are shown, with the snRNPs or protein groups labeled above
the colored rectangles. Protein components that are organized into a complex are grouped together within
a single box. Components that are dissociated from the spliceosome following activation are indicated by
a gray box with a stippled border. Lighter colored text within in individual box (i.e., WBP11, PQBP1,
CTNNBLI, ZNF830, GPKOW) indicates that the protein has been identified in biochemical preparations
of the complex but has not been localized in structures of the spliceosome. Adapted from [131].
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1.4.4 Cryo-EM structure of the activated spliceosome (B®* complex)

The cryo-EM structure of the human B?* complex revealed for the first time the 3D
organization of the catalytic center of the human spliceosome prior to splicing [99]. In
the activated spliceosome, removal of the B-specific proteins allows PRP8 to adopt a
closed conformation, in which the catalytic center is formed (Figs. and [L.12). The
overall architecture of the B®* complex is strikingly distinct from that of the B complex:
following unwinding of the U4/U6 snRNA duplex by BRR2, leading to the removal of U4
snRNA and associated proteins (Fig. and [1.13), U2 snRNP is shifted towards the
body of the U5 snRNP, docking to the PRP8®/E* domain in B** (Fig. and .
This major repositioning of U2 snRNP moves the U2/BS helix in closer proximity to the
5'ss, setting the stage for Step 1 of splicing. U2/U6 helix II is drastically repositioned and
the U6 LSm proteins, which were previously bound to helix II, are dissociated. Following
its unwinding of U4/U6 duplex, BRR2 rotates on its anchor at the PRP8’3"! domain,
such that it comes into contact with the SF3B3 protein of U2 snRNP. Thus the bridge
between BRR2 and U2 snRNP which was formed by SMU1/RED in the B complex is
broken, to be replaced by direct protein-protein interactions between SF3B3 and BRR2
[99, 196].

SMU1/RED
SNRNA

proteins

U5-40K
Bact

B-specific (state 4) L
proteins

Fig. 1.13: Structural changes involved in B-to-B2°* transition. Change in the ribonucleoprotein
inventory and the molecular architecture of the spliceosome during activation are shown. In the B complex
(left; PDB 509Z), U4 snRNP (light blue) is still associated and U2 snRNP (green, with SF3b, SF3a,
U2 Sm, and U2 snRNA highlighted) is loosely bridged to BRR2 by SMU1/RED. Unwinding of U4/U6
base-pairing allows U4 snRNP, FBP21, and several U4/U6 proteins to be dissociated. The hypothetical
intermediate, BA is shown (middle structure) to emphasize the translocation of U2 snRNP, U6 LSm, and
U6 snRNA downwards towards the body of the spliceosome. Proteins that join the spliceosome at this
stage are indicated above the arrow, while proteins that dissociate (B-specific proteins and U6 LSm) are
shown below the arrow. Subcomplexes that join the spliceosome (IBC, RES, NTC) are surrounded by
a stippled gray line. The B®*' complex (state 4, unpublished PDB) is shown on the far right. Adapted

from [I31]
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Retention and Splicing Complex

The RES complex is comprised of the proteins SNU17, PML1, and BUD13, and is im-
portant for the formation of the activated spliceosome (Fig. [1.14) [116) 206]. The RES
complex was shown to bind cooperatively at the pre-catalytic (B complex) stage of as-
sembly and to be stably integrated in the activated spliceosome, prior to becoming more
loosely bound to the spliceosome during the conversion to the catalytically activated com-
plex (B*) [207, 208]. In the B*** complex, the RES complex binds to the intron within a
region spanning from the BS to the 3'ss [207, 209]. SNU17 interacts with the pre-mRNA
via its RNA Recognition Motif (RRM), but the mechanism of action of SNU17 and the
RES complex as a whole is not well understood [207), 210]. However, spliceosomes lack-
ing RES are disassembled prematurely by the DEAH-box helicase PRP2, which joins the
complex during activation and catalyzes the progression from an activated (B**) to a
catalytically activated (B*) complex [211]. Therefore, binding of the RES proteins to the

intron appears to be a critical checkpoint in formation of the B** complex.
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Fig. 1.14: Retention and Splicing (RES) complex. Names of the RES proteins (right), their domain
architectures (left) and 3D organization in B** (middle; from PDB 6FF7) are shown. Both BUD13 and
SNIP1 contain coiled-coil domains. SNIP1 has a forkhead-associated (FH) domain in its C-terminal.
The RNA recognition motif RRM) of SNU17, which associates the RES complex to the pre-mRNA, is
indicated.

NineTeen Complex

The NineTeen Complex (NTC) is a preformed subcomplex consisting of PRP19, CDC5L,
PLRG1, SPF27, CWC15, and CTNNBL1 (Fig. [1.15]) [212, 213]. The NTC associates with

the spliceosome during activation and is required for splicing [214]. Association of the
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NTC with the spliceosome is implicated in removal of U6 LSm proteins and subsequent
stabilization of U6 snRNP within the spliceosome [214]. The structure of the activated
complex is consistent with this evidence, as the U6 LSm proteins are not present and the
U6 snRNA is tightly integrated into the mature U2/U6 catalytic center. Components of
the NTC form extensive contacts throughout the spliceosome in B facilitated by the
complex domain structures of its constituent proteins [99]. The WD40 domain of PLRG1
(PLRG1WP10) docks to PRP8HB near the catalytic center. PLRG1WP4? contacts many
additional proteins, acting as an organizer of protein-protein interactions. CWC15 (also
called Ad002) is wound around PLRG1WP40 | threading along the PRPSNTPL PRPSHE
and PRP8®T. The low complexity regions of CWC15 present one of many examples of an

intrinsically disordered protein that is structured upon integration into the spliceosome

[197, 215].
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Fig. 1.15: NineTeen Complex (NTC) architecture. Names of proteins making up the NTC (right),
their domain architectures (left) and 3D structure (middle; from PDB 6FF7) of NTC proteins identified
in B2<*. Stippled lines indicate flexible linker regions that are not modelled in the structure. The NTR
protein, SKIP, associates closely with the core NTC proteins and is therefore also shown. CTNNBL1 is
not shown as a structural representation as it not been identified in a structure of the spliceosome. The
NTC helical bundle is found only in later stages of B*¢* (e.g., state 4).

CDC5L is a protein that interacts with both the core as well as the periphery of the

spliceosome. The N-terminal region of CDC5L contains two domains comprised of short
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o-helices, known as Myb domains (CDC5LM¥), which have nucleic acid binding activity
[216]. CDC5LMY> domains are positioned very close to U2/U6 helix Ib of the active site,
and are proposed to facilitate formation of U2/U6 snRNA interactions of the catalytic
center [95,[99]. The C-terminal region of CDC5L contains coiled-coil regions that together
with PRP19 and SPF27 form the NTC Helical Bundle (NTCHB), which is stably integrated

into the spliceosome during late stages of B** formation [99].

CTNNBLI contains two short helices, H1 and H2, in its N-terminal region, followed by
o-helical armadillo repeats (ARM) and a coiled-coil region [217, 21§]. CTNNBL1 and
CWC15 are the least stably bound components of the NTC and are known to readily

dissociate under high ionic strength conditions [215].
NineTeen Complex-Related proteins

Several proteins associate with the NTC and are therefore termed NTC-related (NTR)
proteins, which include BUD31, RBM22, SKIP, and PPIL1 [219]. The NTR proteins
are thought to not be part of a preformed complex and are thus expected to associate
individually to the spliccosome. BUD31 binds near the 5" stem-loop (SL) of U6 snRNA
and is likely involved in stabilization thereof, while RBM22 latches onto the 3’ end of the
U6/5'ss helix [220]. RBM22 (Cwec2 in yeast) contains a zinc finger (Znf) domain in its
N-terminal region involved in protein-protein and protein-RNA interactions, as well as an
RRM domain in its C-terminal region that associates with surrounding proteins and the

intron [220] 221].

RBM22REM forms a bridge between the U5 snRNP core of the spliceosome and a large
(ca. 400 kDa) protein subcomplex, the Intron Binding Complex, into which the intron
is threaded from the U6/5'ss across RBM22Z2/REM [G0] - SKIP contains an N-terminal
region that mediates its interaction with PPIL1 and a C-terminal SNW domain that
tethers SKIP to the spliceosome [222-H224]. PPIL1 binds to the spliceosome in later
stages of activation, prior to the first catalytic step, and interacts with SKIP and RBM22

[99, 220].
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Intron Binding Complex

The Intron Binding Complex (IBC), comprised of AQR, SYF1, PPIE, ISY1 and ZNF830
(Fig. [1.16]) [225], bridges the 3" end of the intron at the U6/5'ss helix to the U2/BS
helix within U2 snRNP [225]. Connections between RBM22 and AQR stabilize IBC
association with the spliceosome [99]. AQR is a large (171 kDa), ATP-dependent RNA
helicase that exhibits a multi-domain architecture [225]. ATPase activity of AQR is
required for splicing, although the target of AQR’s activity is not known [225]. SYF1
contains 14 Half-A-Tetricopeptide (HAT) repeats which form a curved structure of short
o-helices [99 226, 227]. PPIE (also known as CypE) consists of an N-terminal RRM
domain as well as a peptidyl-prolyl cis-trans-isomerase (PPlase) domain in its C-terminal
region [228]. PPIE is situated at a juncture between the U2 snRNP-associated proteins
SF3B2/SF3B4 and SYF1/AQR, forming an additional bridging interaction between the
IBC and the body of the spliceosome. PPIERRM interacts with the intron [120, 199]. As

for all PPIases of the spliceosome, the role of PPIEFY!%¢ is unclear.

ISY1 contains at least two o-helices in its N-terminal region, which bind to the IBC
via interfaces to PPIEPPse [199]. ISY1 was suggested to regulate Step 2 of splicing
by modulating activity of the DExD/H-box helicase, PRP16 [229]. ZNF830 is a small
protein (106 aa) containing a zinc finger motif and a predicted coiled-coil region, but has
not been visualized in reconstructions of the spliceosome and the function of ZNF830 in

the spliceosome is unknown [225].
B proteins

Numerous additional proteins join the spliceosome during activation, including SYF3,
PPIL2, and PRP17 but are not known to join as part of preformed subcomplexes. SYF3
(also known as CRNKL1 or CRN) contains 17 HAT repeats and binds to the spliceosome
between the IBC and PLRGWP# of the NTC, and has been reported to interact with
PPIL2 (also known as CYC4) [230]. SYF3 also interacts with U6 snRNA at the catalytic
center, potentially contributing to stabilization of the activated complex [99]. PPIL2 has

been reported to have E3 ubiquitin ligase activity but its role in the spliceosome is unclear,
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Fig. 1.16: Intron Binding Complex (IBC) and SYF3. Names of IBC proteins and the closely
associated SYF3 (right), their domain architectures (left) and 3D representation as identified in B
(PDB 6FF7).

and it has not been identified in any published spliceosome structures as of this writing
[231]. PRP17 contains a WD40 domain (PRP17%P49) that binds near the catalytic center
of the activated spliceosome, and is known to join the spliceosome during late stages of
activation [99]. Disordered regions of PRP17 interact tightly with NTR proteins, forming

a complex web of interactions.

Several factors associate with the spliceosome during the final stages of activation, in-
cluding CWC27, CWC22, RNF113A, SRRM1, SRRM2, PRP2, and GPKOW. CW(C27
and CWC22 are splicing factors that together form a heterodimer which is reported to
stabilize the interaction between the exon junction complex (EJC) and the spliceosome
following Step 1 of splicing [232]. In addition, CWC27 contains a PPIlase domain that
binds between PRPSF® and PRP8NTP domains following the dissociation of the B-specific
proteins from their binding site in the B complex. RING finger protein 113A (RNF113A),
a ubiquitin ligase proposed to polyubiquitinate BRR2 [233], is integrated into the spliceo-
some during activation and closely associated to the catalytic RNA network [99]. Along
with CWC27FP1ase. RNF113A binds to the narrow gap between the PRP8®" and PRPSNTP

domains, preventing complete closure of PRP8 (Fig. [1.11)).

Serine/arginine repetitive matrix protein 1 (SRRM1, also known as SRm160) binds pre-

mRNA and associates with SR proteins involved in splicing [234]. SRRM1 was localized
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in the activated spliceosome, but has not been observed in the pre-catalytic spliceosome
[98, 99]. Tt is unclear whether SRRM1 joins the spliceosome during activation, or merely
becomes stabilized due to protein-protein interactions as the spliceosome assembles. Ser-
ine/arginine repetitive matrix protein 2 (SRRM2, also known as SRm300) forms a het-
erodimer with SRRM1 (SRm160/300) that is known to be involved in the control of
splicing by exonic splicing enhancers (ESEs) by forming contacts to SR proteins and
U2 snRNP [235], and was reported to be involved in modulation of alternative splicing
[236]. SRMM2 interacts with PRP8SWE and was proposed to contribute to stabilization
of PRP8SWL which appears to be initially flexible after repositioning from the B-complex

configuration (Fig. [1.10]) [99} 237].

PRP2 and GPKOW (Spp2) are also recruited in the formation of B**. PRP2, the
DExD/H-box helicase responsible for promoting catalytic activation of the spliceosome
(i.e., B* formation), docks to the U2 snRNP component SF3B1 (HEAT domain, repeats
7-8), where it binds the preemRNA [238]. Association of PRP2 to the spliceosome is
mediated by GPKOW (Spp2), which co-activates PRP2 and is required for its activity
[238]. With PRP2 in place, the activated spliceosome can be converted to the B* complex

to carry out Step 1 of splicing (Fig. [1.4)) [211].

1.4.5 Proteins surrounding the active site RNA in B>t

The catalytic center of the spliceosome is surrounded not only by PRPS8, but also by many
other factors that are repositioned and/or join the spliceosome during the formation of
an activated complex [99]. The loop of U6 ISL is docked to PRP8NTP and is contacted by
the flexible strand of PRPSNTPL which connects the PRP8N' to the PRP8ME domain.
SYF3N-term HAT repeats, as well as SKIP and RBM22 (NTR proteins), contact a flipped-
out nucleotide of the stem region of the ISL (C60), while CWC15 and PLRG1 (NTC

proteins) interact with C68 of the ISL loop region [99].

Helix Ib is fit into a groove of PRP8M"E, while helix Ia is surrounded by PRPgfineer

the CDC5LMY (an NTC protein), as well as SF3A2 and SF3B2 (U2 snRNP proteins).
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The 5'ss is bound by RNF113A, following the dissociation of the B-specific proteins.
This ensemble of proteins forms a complex network in which protein-RNA interactions
stabilize the mature catalytic center within the closed conformation of PRP8. With the
exception of SF3A2, SF3B2, and PRPS, all of these proteins become integrated as part of
spliceosome activation, implying a role in facilitating formation of the U2/U6 active site

RNA.

Surprisingly, both steps of pre-mRNA splicing can be carried out in the absence of proteins
by U2/U6 snRNAs alone in vitro, although it is unclear whether such a minimal system
is as tightly controlled as found in wvivo in the spliceosome [239-242]. In a protein-free
system, Step 1 occurred by hydrolysis as opposed to branching; that is, the BS-A did not
act as the nucleophile in the reaction, indicating mechanistic differences in the protein-
free, in vitro system. Such discrepancies appear to suggest that proteins are likely involved
in mediating the proper positioning of the BS-A in the spliceosome [239]. Furthermore,
splicing efficiency is increased by NTR, IBC, and RES proteins [225, 243] 244], while the
NTC is essential for Step 1 of splicing [245]. The observed regulatory roles for these factors
is perhaps unsurprising, as proteins make up approximately 90% of the molecular weight
of the spliceosome [246]. All of these events strongly suggest that although protein-free
systems in vitro can technically carry out reactions that are similar — but not identical to —
pre-mRNA splicing, proteins are required for coordinating the formation of the activated
spliceosome and for tightly regulating splicing fidelity and efficiency. While the formation
of a catalytically essential, RNA triple helix in the spliceosome is well documented, the
potential role of proteins in facilitating folding of U2/U6 active site RNA has not been
fully determined. Moreover, the temporal ordering of active site formation — that is, the
order in which the ISL, helix Ia, helix Ib, and the resulting triple helix are formed — is

unclear.

Structural and biochemical studies have been successful at characterizing snapshots of
spliceosomes stalled before and after the catalytic center is formed (i.e., the pre-catalytic
B complex and the activated B2* complex), but have so far not been able to shed light onto

intermediate states during the formation of the catalytic RNA network at the core of the
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spliceosome [99] 196], 247, 248]. The molecular architecture of such intermediates would
provide insight into the critical steps during activation of the spliceosome, while possibly
revealing assembly checkpoints that contribute to accurate folding of the catalytic center.
In particular, it would be of interest to isolate complexes trapped at intermediate stages
of activation, following the dissociation of U4 snRNP but prior to the stable association of
the non-snRNP proteins that become integrated in B*** (i.e., RES, NTC/NTR, IBC and
later stage assembly proteins). It would also be necessary to analyze the conformation and
arrangement of PRPS8; and to determine whether its conformational change occurs before
or after the binding of the RES, NTC/NTR, IBC and additional factors, and how this may
be coordinated by the B-specific proteins. The identification of activation intermediates
may also yield new insights into the roles of proteins that co-purify with the spliceosome
but have not yet been identified in cryo-EM structures of spliceosome assembly. How-
ever, the biochemical preparation of novel structural "snapshots" has been hindered by a
lack of available means by which to stall spliceosome assembly at intermediate stages of

activation.

1.5 Small molecule chemical inhibitors of pre-mRNA

splicing

Small molecule chemical inhibitors provide a method by which to trap spliceosomal com-
plexes at intermediate stages of assembly. A major focus of spliceosome inhibition has
been on SF3B1, a core component of the U2 snRNP that accommodates the U2/BS helix
and is frequently mutated in numerous cancers [249]. Targeting of SF3B1 has therefore
been the subject of many studies due to its relevance in disease. A number of natural
products or synthetic derivatives target SF3B1, stalling spliceosome assembly at the A
complex stage at low nanomolar or micromolar concentrations [250]. Many of these com-
pounds share a similar structural backbone consisting of a conjugated diene [251]. These

compounds are relatively well characterized through structure-activity relationships, in
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some cases detailing the mechanism of how these inhibitors work by blocking a function-

ally relevant conformational change within SF3B1 [252].

Several examples exist of spliceosome inhibitors that block assembly by interfering with
post-translational modifications of proteins involved in splicing [250]. It has been shown
that inhibition of Ser/Thr protein phosphatase-1 (PP1) and protein phosphatase 2A
(PP2A) by the natural products okadaic acid, tautomycin, and microcrystin-LR block
splicing reactions [253]. Use of a phosphatase inhibitor cocktail (PhosSTOP, Roche) was
shown to arrest spliceosome assembly at a pre-catalytic stage, resulting in a mixture of
pre-B and B complexes [203]. Blockage of histone acetyltransferases, histone deacetylases
and SR protein kinases all results in arrest of splicing activity [83, 254]. Thus, interrup-
tion of the post-translational modifications of proteins involved in splicing has profound
effects on the assembly and function of the spliceosome, and presents an additional way to
study assembly intermediates. A large-scale screen of small molecules identified a distinct
class of quinone derivatives that stall splicing at low micromolar concentrations [255]. The
most potent of these compounds (measured by the in vitro 50% inhibitory concentration
(ICs0) in the assay) were BN82685 (7 uM), NSC663284 (10 uM), and NSC95397 (21
uM). BN82685 was shown to inhibit exon ligation (Step 2), thus stalling the spliceosome
at approximately the C complex stage [255]. However, the accumulation of spliceosome
assembly intermediates was not reported. A later high throughput screen of over 160,000
compounds identified eight small molecules that inhibited in wvitro pre-mRNA splicing
[256]. Fortuitously, one of these eight compounds was NSC95397. Further investigation
of NSC95397 (also referred to as compound 297) revealed that at concentrations at or
above 75 uM, a mixture of what appeared to be A and B complexes resulted, indicating
that the compound stalls splicing at a pre-catalytic stage [256]. Deeper analysis of the
resulting affinity purified complexes revealed stoichiometric amounts of U2, U5 and U6
snRNA and a decrease in Ul and U4 snRNAs relative to the B complex [256]. Addition-
ally, mass spectrometry analysis indicated the presence of the NTC/NTR proteins as well
as the B-specific proteins, but underrepresentation of later stage assembly factors (i.e.,

RNF113A and PRP17) [256]. Taken together, these findings indicated that NSC95397
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could potentially stall spliceosome assembly at an intermediate stage of activation, follow-
ing the assembly of the B complex yet prior to the formation of a mature B** complex,
providing a putative tool to study elusive states of the human spliceosome during the for-
mation of its catalytic center. In summary, the two key questions of such an investigation

are as follows:

o Are there structurally distinct intermediate stages of activation at which formation

of the catalytic center can be observed?

« How do proteins facilitate the folding of active site U2/U6 snRNAs in the spliceo-

some?
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1.6 Aim of this study

In eukaryotes, DNA is transcribed into precursor mRNA (pre-mRNA), which contains
protein-coding exons separated by non-coding introns. Prior to export of mRNA from
the nucleus to the cytoplasm, introns are excised from the pre-mRNA by the spliceosome:
a highly dynamic, multimegadalton machine that is assembled de novo for each intron to
be spliced. The spliceosome is constructed of small nuclear ribonucleoprotein (snRNP)
building blocks — U1, U2, and the U4/U6.U5 tri-snRNP, in which U4 and U6 snRNAs
are base-paired and Ub is associated by protein-protein interactions — which bind to their
pre-mRNA substrate in a stepwise manner, proceeding through a series of complexes
until an catalytically competent complex is formed. Progression through the spliceosome
assembly pathway is driven by the action of ATP-dependent RNA helicases that remodel
the RNA-protein and RNA-RNA network of the complex. Over 150 proteins are associated
with the spliceosome, making it one of the most complicated molecular machines in the
nucleus. While over 90% of the molecular mass of the spliceosome is contributed by
proteins, the remaining 10% consists of RNA. This relatively minor contribution by RNA
is responsible for the catalysis of RNA splicing, making the spliceosome a ribozyme.
Unlike many enzymes, the catalytic center of the spliceosome is not a preformed entity,
but must be actively sculpted by remodeling base-pairing interactions in a step known
as activation. Activation is the single largest change in the molecular architecture and
composition of the spliceosome. During activation, the pre-catalytic spliceosome — which
contains U2, U4, U5 and U6 snRNPs — is drastically altered by the action of an ATP-
dependent helicase, BRR2, which unwinds the base-pairing of the U4/U6 snRNA duplex,
allowing for the liberation of the U4 snRNP and associated proteins, as well as for large-
scale rearrangements in the molecular architecture of the protein and RNA content of
the spliceosome. It is as this step that at least 28 additional factors, some of which
are organized into salt-stable subcomplexes, join the spliceosome. At some point during
activation, a group of proteins known as the B-specific proteins is destabilized from the

complex, allowing for the central scaffold protein of the spliceosome, PRP8, to undergo
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a conformational change from an open to a closed conformation. It is within a compact
cavity of PRP8 that the U2/U6 RNA network of the active site is formed, resulting in an

activated spliceosome.

Structural studies by cryo-EM have elucidated the molecular architecture of complexes
prior to and following activation, providing major insights into the conformational and
compositional rearrangements that must occur for an activated complex to be formed.
However, the temporal ordering in the exchange of proteins is not well understood. More-
over, the potential role of proteins in mediating the folding of U2/U6 RNA of the catalytic
center is unclear. Thus, it would be advantageous to capture "snapshots" of the spliceo-
some at discrete points along its activation pathway, which would likely reveal new insights
into the integration and destabilization of proteins that may assist in the formation of an
active complex. Despite this clear need for finer sampling of the spliceosome activation
step, no such structures have been reported. Several approaches to stall the splicing using
chemical inhibitors have been introduced, suggesting possibly viable new methods to trap
assembly at biochemical and structural stages of activation. High throughput screen-
ing of small molecule libraries successfully identified quinone derivatives as compounds
that inhibited splicing, blocking assembly at distinct stages. Further investigation of
this phenomenon suggested that one of these compounds, NSC95397, appeared to stall
spliceosome activation. We therefore set out to determine the structure of spliceosomes
stalled by NSC95397, with the goal of identifying previously uncharacterized structural
stages of activation. The aim of this thesis is to unravel the spliceosome activation step
using a small molecule chemical inhibitor, NSC95397, and to determine the 3D molecular

architectures of the resulting complexes with cryo-EM.
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2.1 Materials

2.1.1 Software

Software Reference
COW unpublished
Coot [257, 258]
cryoSPARC [259]
Gautomatch unpublished
Getf [260]
Mascot [261]
MolProbity [262]
MotionCor2 [160]
PHENIX 1258, [263]
pLink2.3.5 [264], 265]
Protein Data Bank [266]
PyMOL unpublished
RELION 2.0-1 and 3.0 [267, [268]
SpliProt3D [269]
SWISS-MODEL [270]

UCSF Chimera [271]

UCSF ChimeraX [272]
UniProt [273]

43
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MATERIALS AND METHODS

2.1.2 Equipment

Equipment Manufacturer
Amicon 50 kDa filters Merck
Cq corrector CEOS GmbH

Falcon 3EC Direct Electron Detector
LTQ Orbitrap XL mass spectrometer
MBP Trap HP column

Q Exactive HF-X mass spectrometer
Quantifoil 3.5/1 Cu grids

Superdex Peptide PC3.2/30 column
Surespin TLS-630 rotor

Titan Krios electron microscope
TST41.14 rotor

Typhoon phosphoimager

Vitrobot Mark IV

Thermo Fisher Scientific
Thermo Fisher Scientific
GE Healthcare

Thermo Fisher Scientific
Quantifoil

GE Healthcare

Thermo Fisher Scientific
Thermo Fisher Scientific
Kontron

GE Healthcare

Thermo Fisher Scientific

2.2 Methods

Biochemical experiments (see(2.2.1} [2.2.2] [2.2.3] [2.2.4} [2.2.5} [2.2.7]) were carried out by Dr.

Majety Leelaram and Dr. Dmitry Agafonov (Department of Cellular Biochemistry, MPI-
BPC), and crosslink analysis was performed by Dr. Olex Dybkov (Department of Cellular
Biochemistry, MPI-BPC) in collaboration with Prof. Dr. Henning Urlaub (Bioanalytical
Mass Spectrometry, MPI-BPC) (see [2.2.6)).

2.2.1 In vitro splicing

HeLa S3 cells (Helmholtz Zentrum fiir Infektionsforschung, Braunschweig) were obtained,
tested negative for mycoplasma, and used to prepare splicing extracts [274]. MINX-MS2
pre-mRNA was prepared in vitro transcription by T7 RNA polymerase, with o*?P-UTP
(for radiolabeling of pre-mRNA) and m”G(5)ppp(5')G-cap present. To carry out in vitro
splicing reactions, the resulting 3?P-labeled MINX-MS2 pre-mRNA (5.0 nM) was incu-

bated at 30°C for specified time points (Fig. in the presence of 40% (v/v) HelLa
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nuclear extract, 20 mM HEPES-KOH pH 7.9, 3 mM MgCl,, 65 mM KCI, 2 mM adeno-
sine triphosphate (ATP), and 20 mM creatine phosphate as well as increasing amounts
(Fig. of the splicing inhibitor splicing inhibitor NSC95397 (Sigma Aldrich), which
was solubilized in dimethyl sulfoxide (DMSO). Following the splicing reaction, NSC95397
was quenched with a twofold molar excess of cysteine for 2 min at 30°C and then put
on ice. RNA isolation was carried out using phenol-chloroform extraction and a sub-
sequent ethanol precipitation step, and the purified RNAs were examined using a 14%
denaturing polyacrylamide gel. Splicing products, including intermediates and unspliced
pre-mRNA, were visualized with a Typhoon phosphoimager (GE Healthcare). Formation
of spliceosomal complexes was monitored using 1.5% low-melting agarose gel electrophore-

sis containing 0.4 mg/ml heparin [275].

2.2.2 MS2 affinity purification of spliceosomes

To prepare for affinity purification of spliceosomes stalled by the action of NSC95397, a
10-fold molar excess of MS2-MBP fusion protein was incubated with o*?P-labeled MINX-
MS2 pre-mRNA (5 nM) for 30 min on ice. The pre-mRNA, bound by MS2-MBP, was
used as the substrate in a splicing reaction in the presence of 160 uM of NSC95397,
incubated for 60 min at 30°C, and subsequently quenched with 320 uM cysteine for
2 min. Centrifugation was used to remove aggregates and the salt concentration was
increased to 165 mM by addition of sodium chloride (NaCl). For affinity purification,
the resulting splicing reaction was loaded on an MBP Trap HP column (GE Healthcare)
preequilibrated with G-150 buffer (20 mM HEPES-KOH pH 7.9, 1.5 mM MgCl,, 150 mM
NaCl). G-150 buffer was used to wash the column and 10 mM maltose (in G-150 buffer)
was used to elute the spliceosomes. Following isolation of the affinity purified complexes,
a further gradient purification step was used to separate complexes by their sedimentation
coefficients. Samples were loaded onto a 36-ml linear 10 to 30% (v/v) glycerol gradient
(G-150 buffer) and centrifuged for 15 hours at 4°C and 25,000 rotations per minute (rpm)

using a Surespin TLS-630 rotor (Thermo Fisher Scientific). A peristaltic pump was used
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to fractionate the gradients from the bottom of each tube, and the radioactivity of each
fraction was measured with Cherenkov counting. Peak gradient fractions were analyzed
for RNA composition using denaturing 4 to 12% NuPAGE gels (Life Technologies), which

were subsequently stained with SYBR Gold for detection and visualization.

2.2.3 2D gel electrophoresis and mass spectrometry

2D gel electrophoresis, as described in [276], was used to separate all proteins in the
purified sample larger than 25 kDa. Following staining of the gel with Coomassie, indi-
vidual proteins spots were excised, digested with trypsin, and extracted. The extracted
peptides were subjected to a liquid chromatography-coupled electrospray ionization mass
spectrometer (LTQ Orbitrap XL). Protein identities were determined by comparison of
fragment spectra against the UniProt database [273], with Mascot used as a search engine

[261].

2.2.4 Chase of pre-B®* complexes with micrococcal nuclease-treated

extract

To digest RNAs in the sample, micrococcal nuclease (MN) was added to HeLa nuclear
extract (as described in [I97]). B and pre-B** complexes were formed separately on
a32P-labeled MINX-MS2 pre-mRNA, affinity purified, and incubated under the following
two conditions: 1) in splicing buffer alone (20 mM HEPES-KOH pH 7.9, 65 mM KCI, 3
mM MgCly, 2 mM ATP, 20 mM creatine phosphate); 2) in the presence of Hela nuclear
extract that had been treated with 20% (v/v) MN. Unlabeled MINX-MS2 pre-mRNA
was added in 20-fold excess to block the reassembly of spliceosomes on radiolabeled pre-
mRNA. Reactions were kept at 30°C for timepoints from 0 to 60 min. RNA from the
resulting samples was isolated, analyzed on a 14% denaturing polyacrylamide gel, and

visualized with a Typhoon phosphoimager (GE Healthcare).
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2.2.5 Western blotting

Proteins from the purified complexes were separated on denaturing 4 to 12% NuPAGE
gels and transferred onto nitrocellulose membranes (Amersham Protran 0.2, GE Health-
care). Antibodies against the following human proteins were used to probe the mem-
brane: hSnull4 [277], LSm4 [57], hPrp19 and AQR [213], hCwc22 (Proteintech Europe,
Manchester, UK catalog number 26898-1-AP), hRNF113A (Sigma Aldrich, catalog num-
ber HPA000160, RRID: AB_1079821), and hPPIL2 (ThermoFisher Scientific, catalog
number PA5-29239, RRID: AB_2546715). An ECL detection kit (GE Healthcare) was

used to detect bound antibody.

2.2.6 Cross-linking of pre-B* complexes and cross-link identification

Following MS2 affinity purification, an additional step was used to further purify spliceo-
somes, by introducing a 10 to 30% (v/v) glycerol gradient centrifuged at 23,300 rpm for
16 hours 40 min at 4°C in a TST41.14 rotor (Kontron). Peak fractions having approxi-
mately 15 pmol of the pre-B** complexes were combined and cross-linked with 150 uM
BS3 at 25°C for 30 min. Samples were subsequently quenched using 1.5 mM Tris-HCl
pH 8.0 at 25°C for 10 min, placed on ice for 20 min, and pelleted using ultracentrifuga-
tion and a SI00AT4 rotor (Thermo Fisher Scientific) and analyzed as previously reported
[197]. Peptide extraction was carried out in a reverse-phase manner with Sep-Pak Vac
tC18 1-cc cartridges (Waters) and peptides were fractionated using gel filtration by the
use of a Superdex Peptide PC3.2/30 column (GE Healthcare). A Thermo Fisher Scien-
tific Q Exactive HF-X mass spectrometer was used to analyze fifty-pul fractions in tripli-
cate, corresponding to an elution volume of 1.2 to 1.8 ml. The pLink2.3.5 search engine
(pfind.ict.ac.cn/software/pLink) was used to identify protein-protein crosslinks, and
the results were filtered by false discovery rates of 1, 3, and 5% [264} 265]. The score for
crosslinks is shown as the negative value of the common logarithm of the original pLink

score: Score = -logl0("pLink Score").
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2.2.7 Purification and buffer exchange

To prepare samples for cryo-EM, peak fractions of samples purified by MS2 affinity selec-
tion and glycerol gradient centrifugation were combined. These combined samples were
concentrated and buffer exchanged in G-150 buffer (without glycerol) using an Amicon
50-kD cut-off filter as reported in [08]. For further purification, buffer-exchanged samples
were loaded on a 36-ml linear 10 to 30% (v/v) glycerol gradient in G150 buffer in the
presence of 0 to 0.15% glutaraldehyde (for fixation) [278], centrifuged at 25,000 rpm at
4°C for 15 hours using a Surespin TLS-630 rotor (Thermo Fisher Scientific). The gradi-
ent was fractionated and quenched immediately using 100 mM aspartate (pH 7.0). Peak
fractions were combined and subjected to one more round of concentration and buffer
exchange as before. Control experiments were carried out by following the same protocol
as described, only without addition of glutaraldehyde to the gradient, thus allowing the
protein and RNA content of the final samples to be analyzed using 2D gel electrophoresis

and denaturing polyacrylamide gel electrophoresis.

2.2.8 Cryo-EM sample preparation and data acquisition

Approximately 30 ul of purified sample was added to a well of a custom Teflon block
kept on ice. A piece of continuous carbon film (prepared in-house) was placed directly on
top of the sample and incubated for 1 minute, allowing the purified samples to adsorb to
the carbon film. The carbon film was adhered to the evaporated carbon-coated face of
a QUANTIFOIL 3.5/1 grid (Quantifoil, Jena, Germany) and 4 ul of distilled-deionized
water was added to the same side as the sample to prevent dehydration. Grids were blotted
and plunge-frozen in liquid ethane at ambient conditions of 100% humidity and 4°C using a
Vitrobot Mark IV (Thermo Fisher Scientific). For data acquisition, a Titan Krios electron
microscope (Thermo Fisher Scientific) equipped with a Cg corrector (CEOS, Heidelberg)
and Falcon III direct electron detector (Thermo Fisher Scientific) operated in integration
mode was used. Images were acquired at a nominal magnification of 59,000x, resulting in

a pixel size of 1.16 A. Each individual micrograph was comprised of 40 individual frames
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and a total fluence of 45 e/A2 acquired over an exposure time of 1 s, divided into 20
fractions (2.25 e¢/A? per fraction). 10,000 micrographs were collected in an automated
acquisition, carried out using spot-scanning in a 3x3 array for each 3.5 um hole. Grid
preparation and data acquisition were carried out by Dr. Karl Bertram (Department of

Structural Dynamics, MPI-BPC).

2.2.9 Image processing

Motion correction and dose-weighting of micrographs was carried out with Motion-
Cor2 [160], followed by calculation of CTF parameters with Getf [260]. Each micro-
graph was inspected manually using the Micrograph Quality Checker (MQC) of COW
(www.cow-em.de/) and micrographs were judged by optical contrast, nominal resolution,
and astigmatism. Micrographs showing predominantly crystalline ice, ethane contam-
ination, or particle aggregates were exluded from further processing, resulting in 4676
out of 10,000 micrographs retained. Gautomatch (https://www2.mrc-1mb.cam.ac.
uk/research/locally-developed-software/zhang-software/#gauto) was used for
reference-free identification of 503,208 particle images, which were extracted from mi-
crographs with 2x binning and split into three equally proportioned subgroups prior to
five rounds of 2D classification with RELION 2.0 [267]. 2D class averages showing clear
features were chosen (72,193 particle images) for the determination of an initial model,
which was calculated using ab initio reconstruction within cryoSPARC [259]. The best
resolved initial model was low-pass filtered to 60 A and used for an initial reference in
RELION 2.1 in a 3D classification using 15 classes (regularization parameter, "T", set to
4). Two of the resulting classes exhibited distinguishable features and were better resolved
(13 to 15 A) than the other 13 classes (>24 A). The two well defined 3D classes consisted
of of 108,932 (26% of particle images) and 56,177 (14% of particle images) particles. Each
class was refined using RELION 2.1 without masks to nominal resolutions of of 6.3 and
6.4 A (data not shown). Angular orientations were adopted from these refinements and

used to re-extract unbinned particle images from dose-weighted micrographs (box size


(www.cow-em.de/)
(https://www2. mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-software/#gauto)
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384 pixels). The extracted particles were refined against up-scaled references without
masking using RELION 3.0 [268], resulting in an improvement in resolution to 5.6 and
6.5 A. At this point, a soft mask encompassing the entirety of each particle was generated
from each reconstruction and applied to carry out a masked refinement step, improving
the average resolutions to 4.4 A (not shown) and 4.6 A. Tt was suspected at this point
that there may be further structural heterogeneity in the reconstructions. Therefore, soft
masks were generated to include the most stable core of each complex, and applied to
each reconstruction in a 3D classification without re-alignment, instead using refined par-
ticle coordinates obtained in the previous refinement step. For this step, particle images
from each of the two populations were divided into four classes and the regularization
parameter (T) was set to 20. For both populations, this classification step resulted in a
single class having a large majority of particle images, containing containing 84,539 (77%
of particles classified) and 39,336 (70% of particles classified). These classes also displayed
higher resolution features than the less populated subsets and were thus chosen for further
structure determination. As previously, each class was refined initially without a mask,
this time resulting in average resolutions of 5.1 and 6.0 A. The reconstructions were then
refined with a soft mask encompassing the entire particle, resulting in average resolutions
of 4.3 and 4.6 A. To further improve two large regions of the map, multibody refinement
was carried out using the refined coordinates of the previous refinement step [166]. Two
“bodies” were defined: body 1, consisting of the core of each complex; and body 2, which
encompasses the 5 domain of the U2 snRNP, particularly the SE3b proteins. For the
first group of particles, body 1 was determined to an average resolution of 3.9 A, whereas
the body 2 resolution did not improve. For the second group of particles, body 1 was
resolved to 4.2 A and body 2 was resolved to 4.5 A. Although CTF refinement was at-
tempted, it did not improve the resolution. To test for the possible effect of the box size
on the resolution of the reconstruction, refinements of both complexes were also carried
out in a larger box (512 pixels), but this also failed to result in resolution improvements.

The Fourier shell correlation (FSC) 0.143 criterion was used for resolution determination
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[169]. Sharpening of maps using automatically determined B-factors and local resolution

variability were carried out in RELION 3.0.

2.2.10 Model building and refinement

The protein and RNA components used for building integrative structural models are
detailed in Figure Based on prior knowledge and our protein-protein crosslink-
ing dataset (Table [B.I), model files from the Protein Data Bank (PDB) [266] for in-
dividual proteins of the spliceosomal B [08, 203] and B** [99, 237], as well as X-ray
crystal structures and NMR structures of various single components, were docked as
rigid-bodies into the cryo-EM maps using UCSEF Chimera v1.12 [271]. A model of the
B-specific protein WBP11/NPW38BP was generated using SWISS-MODEL [270] and
placed within a helical density within the pre-B**! (see Results) reconstruction, consis-
tent with numerous crosslinks. Models of CTNNBL1, PPIL2, and TCERG-1 (coiled-doil
domain and FF4 to 6 domains) were downloaded from the SpliProt3D predicted struc-
ture database [269] and docked into densities consistent with intermolecular crosslinks.
The remining protein components incorporated into the models were taken from previ-
ously published structures (Figure . De novo modeling of several regions of MFAP1,
PRP8, and SF3B2 were guided by well-defined EM densities continuing from previ-
ously identified, well documented portions of each protein as observed in the B or B2
complexes. Chains were truncated to polyalanine/polyproline traces and subsequently
docked as rigid bodies (for regions with secondary structure) or were docked and man-
ually adjusted (disordered regions) using Coot [257, 258]. U5 snRNA was docked as
a rigid-body and its fit was further improved using the jiggle-fit and model morphing
scripts in Coot |(https://www2.mrc-1mb.cam.ac.uk/groups/murshudov/content/em_
fitting/em_fitting.html). For modeling of the U2/U6 RNA network, the U6/5'ss
helix and U6 5'SL regions (nucleotides 1 to 46) from a B** complex [237] were fit into
both maps, followed by manual adjustment of the 5'ss and a single-stranded region of

U6 snRNA (nucleotides C25 to A30). U6 RNA nucleotides A47 to U51 were rebuilt into


(https://www2.mrc-lmb.cam.ac.uk/groups/ murshudov/content/em_fitting/em_fitting.html)
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the unmasked and unsharpened EM map of the pre-B**? complex. U2/U6 helix Ib was
docked as a rigid body into the pre-B#*2 map, guided by clear map features consistent
with the phosphate backbone of several nucleotides within the helix. U6 ISL was taken
from a published hB** cryo-EM structure [99] and docked into both maps, followed by
manual rebuilding of nucleotides C60 to C61 and A73 to G75 (G58 to C61 and AT3 to
A76 for pre-B**1) in Coot.

U2/U6 helix IT [99] was rigid-body fit into the pre-B2*? reconstruction, based on the
proximity of this density to U6 ISL and U2/U6 helix Ib. Based on comparison to previous
structures [99, 237], U2 nucleotides of the stem-loop II (U46-U65) and several of stem-loop
IIb (G68 to C73 and GT79 to A85) were placed in well-defined densities. Individual chains
and then the composite models of both complexes were processed by real-space refinement
using PHENIX [263]. The resulting models were subjected to MolProbity for analysis of
model geometry [262], and FSCs between the map and the model were calculated using
phenix.mtriage [258]. Statistics from model refinement are shown in Figure [B.]] Model
building was overseen by Dr. Berthold Kastner (Department of Cellular Biochemistry,
MPI-BPC).



3 Results

3.1 Biochemical characterization of spliceosomes stalled

during activation

A small molecule chemical inhibitor was used to stall spliceosome assembly at an inter-
mediate stage of activation (Fig. [3.1]A). The inhibitor, NSC95397, had been previously
identified as a splicing inhibitor in a high-throughput screen [71] and further character-
ized as a compound that likely stalled spliceosome assembly during activation but prior
to the formation of a mature B*' complex [256]. At a concentration of 150 pM, splic-
ing was completely blocked, as shown by the RNA products (Fig. [3.1|B). Formation of
spliceosomal complexes in the presence of NSC95397 was analyzed with agarose gels (Fig.
m]) The RNA composition of the purified spliceosomes suggested a complex with de-
creased amounts of U4 snRNA and stoichiometric amounts of U2, U6 and U5 snRNAs
(Fig. ) Comparison of the RNA profiles of the purified spliceosomes to pre-catalytic
spliceosomes (B complex) and activated spliceosomes (B** complex) indicated that the
stalled complex contained decreased amounts of U4 snRNA relative to the B complex,
while containing stoichiometric amounts of U2, U6 and U5 snRNAs, as in the B**' com-
plex (Fig. ) Ul snRNA was detected in the B complex and stalled complex, but
was strongly decreased in B** (Fig. [3.1]D). Analysis of the protein composition of the
complex of interest was carried out with 2D gel electrophoresis followed by mass spec-
trometry for all proteins larger than 25 kDa in the sample (Fig. ) Western blotting
for complex-specific markers revealed that the stalled complex contained increased levels
PRP19, PPIL2, and AQR relative to the B complex (Fig. [3.1]F'). The stalled complexes
were purified and subjected to chase experiments in nuclear extract in which snRNAs

have been digested by micrococcal nuclease treatment. Chase experiments demonstrated

53



54 RESULTS

that the pre-B** complexes were still functional and not dead-end intermediates (Fig.

3.1]G). Biochemical experiments (see 2.2.1] 2.2.2] 2.2.3] 2.2.4] .2.5] .2.7 and were

carried out by Dr. Majety Leelaram and Dr. Dmitry Agafonov (Department of Cellular
Biochemistry, MPI-BPC), and crosslink analysis was performed by Dr. Olex Dybkov (De-

partment of Cellular Biochemistry, MPI-BPC) in collaboration with Prof. Dr. Henning

Urlaub (Bioanalytical Mass Spectrometry, MPI-BPC) (see [B.1]} and [B.2).
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Fig. 3.1: Biochemical characterization of pre-B2°*. (A) Chemical structure of NSC95397. (B) RNA
products assessed by denaturing PAGE after 60 min incubation with 3-150 pM of NSC95397 in HeLa
nuclear extract. In the diagrams on the far-left hand side of the figure, the 5’ exon is represented as a dark
rectangle, the intron is represented as a thin black line, and the 3’ exon is shown as a white rectangle.
From top to bottom are an intron lariat-3’ exon, intron lariat only, unspliced pre-mRNA, and mRNA. (C)
Formation of spliceosomal complexes in the presence of 3-150 pM of NSC95397 in HeLa nuclear extract
after 60 min monitored by agarose gel electrophoresis. The far-left panel indicates labels of distinct, well
characterized spliceosome intermediates for comparison. (D) RNA composition of B, pre-B®* and B>t
complexes following affinity purification and gradient ultracentifigation to purify each complex assembled
for 60 min in HeLa nuclear extract containing 150 pM NSC95397. (E) Protein composition of purified
pre-B2¢t complexes assessed by 2D gel electrophoresis followed by mass spectrometry to identify the
individual protein spots. Proteins larger 25 kDa are separated on the gel. (F) Western blotting of several
proteins contained in B, pre-B*** and B?“*. Dissociation of LSm proteins and recruitment of PRP19
(NTC component), PPIL2, CWC22, RNF113A, and AQR (IBC component) occurs during activation
[276]. SNU114 (integral component of U5 snRNP) is included as a loading control. (G) Stalled pre-B*c*
complexes can be rescued in micrococcal-nuclease treated HeLa nuclear extract (MNxt). The B complex
and unspliced MINX pre-mRNA are included for comparison. Affinity purified pre-B2* complexes splice
MINX pre-mRNA in MNxt. From [I3I]. Reprinted with permission from AAAS.
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3.2 Cryo-EM structures of two novel activation

intermediates

The purified pre-B*' sample was analyzed by cryo-EM, and computational sorting of
503,208 particle images revealed two distinct spliceosomal structures at intermediate
stages of activation (Fig. —C). Neither reconstruction suffered from strongly preferred
orientation, indicating sufficient angular sampling (Fig. [3.1]D,E). The average resolution
of the overall complexes was 4.3 and 4.6 A (Fig. ,G) and the map-model Fourier Shell
Correlation (FSC) for the core and SF3B-focused maps was 4.2 and 4.6 A (Fig. )
Using focused classifications, the core structures were resolved to 3.9 and 4.2 A (Fig.
,F,G). The local resolution varies widely in each reconstruction, ranging from ap-
proximately 3.5 A at the cores to >20 A at the peripheries (Fig. ,J ). Grid preparation
and data acquisition were carried out by Dr. Karl Bertram (Department of Structural

Dynamics, MPI-BPC) (see and [3.2B).

A model of each complex was built using an integrative approach. Published cryo-EM
and crystallographic structures were docked into moderately resolved (ca. 4-10 A) map
regions and XL-MS data was used to guide placement of less well resolved regions at
flexible interfaces or the periphery of the complexes (Table . Each spliceosomal inter-
mediate has a relatively similar core structure, comprised of an approximately triangular
body (Fig. [3.3). The resulting models allow for inspection of previously uncharacter-
ized intermediates of spliceosome activation. The resulting reconstructions are denoted
pre-B*! and pre-B**2, as they represent pre-activated complexes which lack U4 snRNP

but do not yet have a mature catalytic center (see sections , , . Model

building was overseen by Dr. Berthold Kastner (Department of Cellular Biochemistry,

MPI-BPC) (see [2.2.10
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Fig. 3.2: Image processing and reconstruction of cryo-EM data. (A) Computational sorting
scheme of cryo-EM data. For a detailed explanation of data acquisition and image processing, please
refer to sections and 2.2.9 of "Methods." (B) Cryo-EM micrograph and (C) representative 2D class
averages. (D) Overall cryo-EM reconstruction (left) and angular distribution (right) of pre-B2*! and (E)
overall cryo-EM reconstruction (left) and angular distribution (right) of pre-B®*2 where red shading
indicates relative number of particle images assigned to a particular orientation. Resolution estimates of
pre-Bat1 (F), pre-B2“*2 (G) at the 0.143 Fourier Shell Correlation (FSC) threshold. Map-to-model FSC
(0.5 threshold) of pre-B*“*"! and pre-B2*2. Local resolution estimates of pre-B*'! (I) and pre-B*<*-2
(J) masked reconstructions (colored densities) and overall reconstructions (gray overlays). From [I31].
Reprinted with permission from AAAS.
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Fig. 3.3: Structural overview of pre-B2°*"! and pre-B2°*-2 Model composition of pre-B**! (A B;
left panel) and pre-B2*2 (A B; right panel). All modeled components are labeled within the 3D models
and indicated in the table at the bottom of the figure. Components belonging to snRNPs or specific
subcomplexes or groups (RES, B-specific, ANTC, hNTR, splicing factors, IBC) are indicated in bold text.
Cryo-EM maps are shown as insets (B; left and right), with the higher resolved masked reconstructions

shown in dark blue and the overall reconstructions shown in light gray overlay. From [I31]. Reprinted
with permission from AAAS.
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3.3 PRP8 maintains an open conformation in pre-B®®

Analysis of the pre-B*** structures indicates that the central scaffold protein of the spliceo-
some, PRP8, is in an open conformation (Fig. . At some point of spliceosome activa-
tion, PRP8 undergoes a large-scale conformational change from open to closed, resulting
in a compact arrangement found in the activated spliceosome (B***) (Fig. . During
this conformational change, a large portion of PRP8’s C-terminal region (PRP8RT/En)
clamps down onto its N-terminal domain (PRP8NTP). Conversion from the open to the
closed conformation of PRPS8 requires loss of U4 snRNP and dissociation of the B-specific

proteins (see section [1.4.1]). The closed conformation forms a chamber that accommodates

the active site, and is therefore a critical event during spliceosome activation.

B

Fig. 3.4: PRPS8 is held in an open conformation by B-specific proteins in pre-B2°t. The
B-specific proteins MFAP1, PRP38, SNU23, and UBLS5 are still bound between PRP8F"and PRP8NTPin
both pre-B2*! and pre-B2°*? (middle panel), as in the B complex (left; PDBs 5097 and 6AHD — from
6AHD, only UBL5, as UBLS5 is not modeled in PDB 509Z). This prevents open-to-closed conformational
change of PRP8. All complexes are aligned to the PRP8NTPof B2t (PDB 6FF7).

The B-specific proteins MFAP1, PRP38, SNU23, and UBL5 must be dissociated from
their binding site between the PRP8®" and PRPSNTP domains in order for PRPS to be
converted from an open to a closed conformation during activation (Fig. . In pre-Ba<t,
the B-specific proteins UBL5, PRP38, MFAP1, and SNU23 are still present, holding PRP8
in an open conformation (Fig. [3.4). UBL5 is situated between PRP8®® and PRP8NTD
domains, preventing closure of PRP8. SNU23 and PRP38 remain bound alongside the
U6/5'ss helix. MFAP1 contains an o-helix that is associated with PRP38 as well as a
C-terminal region of 80 amino acids that forms multiple interactions with UBL5, loop 1

of U5 snRNA, PRPSSWE and the 5 exon. Thus, the B-specific proteins MFAP1, PRP38,
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SNU23, and UBL5 remain bound even after the dissociation of U4 snRNP, holding PRPS8

in the same open conformation as in the pre-catalytic spliceosome (B complex).

PRP85WL points upwards (i.e., away from U5 Sm) in the B complex and downwards
in B?* indicating dynamic repositioning of this domain following activation [122]. In
pre-B*t, PRP8SWL remains in its B complex position and forms contacts with the C-
terminal region of MFAP1, which likely clamps PRP8SWE in place (Fig. . PRP&SWL
repositioning appears to coincide with the closed conformation of PRPS8, which can only

occur following the displacement of B-specific proteins.

The distal C-terminal domains of PRPS®H and PRP8’#P! domains were localized in both
pre-Ba*! and pre-Ba*2, and in largely different positions as found in the B or Bact
complex, further underscoring the drastic repositioning of these domains at every stage
of spliceosome assembly (Fig. [3.5). PRP8®! is rotated between pre-B**! and pre-Bat-2,
occupying a gap between BRR2 and the U2 snRNP proteins SF3B1/SF3B3 (Fig. [3.5),
replacing the bridge of SMU1/RED that previously bridged BRR2 and U2 snRNP in the
B complex. The PRP87?! domain is anchored to BRR2, maintaining the association of

BRR2 to the spliceosome following its unwinding of the U4/U6 snRNA duplex.

Bact

Fig. 3.5: PRP8RH and PRP872P! occupying structurally unique positions in both states of
pre-B2°t, In both pre-B2*! and pre-B°*-2, PRP8®! and PRP8’2P! occupy positions and orientations
previously not observed in the spliceosome. PRP8SW is also shown for comparison among the B (PDB
509Z), pre-B**"1 pre-B2*2 and B*** (PDB 6FF7) structures. In the B complex and pre-B*°* complexes,
PRP8SWE points upwards. In B2t, PRP8SWE is repositioned and points downwards. All structures are
aligned to PRP8¥"(aa 1579-1754) of Ba<t.
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3.4 Novel repositioning of BRR2 and U2 snRNP

BRR2, the ATP-dependent RNA helicase responsible for unwinding the U4/U6 RNA
duplex to allow for release of U4 snRNP during activation, has undergone a complex
rotational movement following release of U4 snRNP, yet has not assumed its final position
corresponding as in B** (Fig. [3.6). BRR2 has not been documented in this orientation
relative to the rest of the spliceosomal body, and exhibits a similar orientation in both
pre-B2*! and pre-B**2. The catalytically active region of BRR2 (BRR2N-*™) is facing
away from PRPS8SWE  while BRR2%*™ points toward PRP8SWE. In Bact, BRR2N-term
contacts the U2 snRNP 5’ domainﬂ in pre-B**, BRR2 is not directly contacting the U2
snRNP 5" domain, but is loosely bridged to U2 snRNP by PRPSRH,

PRP8NTC |

B pre-Bact? pre-Ba<2 gact

Fig. 3.6: BRR2 is repositioned to a novel orientation in pre-B2°t. In both pre-B2°! structures,
BRR2 has been rotated upon its contact with the PRP8, PRP8’2P1. BRR2 occupies a similar position in
both pre-B2*! and pre-B2°*-2, distinct from its position in the B complex (PDB 509Z) and B*** (PDB
6FFT7). All structures are aligned to PRP8%(aa 1579-1754) of B2<t.

U2 snRNP, essential for the construction of the spliceosome’s catalytic center, is initially
separated from the core of the spliceosome by U4 snRNP in the B complex (Fig. ,
upper left panel). Following unwinding of the U4/U6 RNA duplex by BRR2 to result
in dissociation of U4 snRNP, U2 snRNP has begun to dock with the U5 snRNP at the
core of the spliceosome, but has not yet been tightly integrated into the complex as in
B>t (Fig. right panels). U2 snRNP is thus flexible in both pre-B*¢* structures, but
especially so in pre-B**!. Many proteins of the U2 snRNP 5 domain in pre-B2'? can

be clearly mapped to the density based on clearly resolved secondary structure elements,

1"U2 snRNP 5’ domain" refers to the SF3b and PHF5A proteins and 5 half of the U2 snRNA, including
portions contributing to helix I, helix II, the U2/BS helix; "U2 snRNP 3’ domain" encompasses the
Sm, A’, B”, SF3a proteins and the 3’ half of the U2 snRNA; see Figs. and
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including those of the larger components SF3B1 and SF3B3. The U2 snRNP 3’ domain
is likely not yet stably docked and therefore not as well resolved as in the B** complex.
PRPS8®! separates SF3B1/SF3B3 and BRR2 in both pre-B*! structures (Fig. , right
panel). The U2/BS helix is also distinguishable in both pre-B** reconstructions, although

is better resolved in pre-B2°*2.
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Fig. 3.7: Repositioning of BRR2 and docking of U2 snRNP during activation. The 3’ domain
of U2 snRNP and several proteins are omitted from the figure for clarity. Release of U4 snRNA allows
for rearrangement of BRR2 and components of the U2 snRNP. Relevant protein and RNA components
from the B complex (PDB 5097), pre-B°*"!, pre-B2°*-2, and B*! (PDB 6FF7) are highlighted (clockwise
from upper left to bottom right quadrant). The U4/U6 proteins, bound to U4 snRNA, occlude a large
cavity and prevent docking of U2 snRNP onto PRP8 and the rest of the spliceosome. Following U4/U6
snRNA unwinding, BRR2 becomes repositioned and U2 snRNP as well as U2/U6 helix IT and the LSm
proteins are moved toward the body of the spliceosome (grey). U2 snRNP becomes progressively more
tightly associated with the spliceosome in pre-B#“*2? and finally in B2°*, in which the B-specific proteins
are dissociated and PRPS8 is in a closed conformation, and BRR2 directly contacts SF3B3 of U2 snRNP.
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3.5 Recruitment of proteins at distinct stages of

activation in pre-B

3.5.1 RES and SRRM1

The Retention and Splicing complex (RES) is required for splicing and consists of three
proteins: SNIP1, SNU17, and BUD13 (Fig. [116], 206]. RES is not present in the
B complex, but joins the spliceosome at a yet undetermined stage of activation. The FH
domain of SNIP1 in pre-B**! is localized at an interface between U2 and U5 snRNPs,
where it interacts with PRP8®T, SKIP, and SF3B6 (Fig. left panel). Densities for
BUD13 and SNU17 were not detected in pre-B**! but become apparent in pre-Ba%2,
BUD13 and SNU17 are positioned adjacent to one another, with SNU17 forming contacts
to SF3B1 and BUD13 binding within a gap between SNU17 and PRP8®T (Fig. , middle
panel). The position of RES complex proteins agrees closely with their binding sites in

the B> (Fig. [B.§] right panel) [99].
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Fig. 3.8: RES integration into pre-B2°*! and pre-B2°*2. RES proteins are gradually integrated
into pre-B°*2, leading to B2“. In pre-B2°*"!  only SNIP1 is observed. SNU17 and several fragments of
BUD13 are stabilized in pre-B**2. In B2°*, additional regions of BUD13 become stabilized. SKIP (NTR,
protein) and SRRM1 are shown for orientation. All structures are aligned on SF3B1 of B** (PDB 6FF7).

Nearby the RES complex proteins, SRRM1 is bound. SRRM1 is a protein involved in
regulation of splicing (see section [1.4.3)) that is associated with B**. SRRMI interacts
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with the U2 snRNP by binding to the SF3B1HFAT domain adjacent to SF3B6, consistent

with the positioning of this protein relative to neighboring proteins in B** (Fig. [3.8)).
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3.5.2 NTC

The NineTeen Complex (NTC) is a preformed unit consisting of PRP19, CDC5L, PLRG1,
SPF27, CWC15, and CTNNBLI that joins the spliceosome during activation (Fig. [1.15).
The NTC is involved in the removal of the U6 LSm proteins and the stabilization of newly
formed U6 snRNA interactions within the spliceosome during activation [214]. Of these
proteins, parts of CDC5L, PLRG1, CWC15, and CTNNBL1 can be localized in both or at
least one of the pre-B** reconstructions (CTNNBLI is only localized in pre-B**?) (Fig.
B.9). CDC5LMY domains bridge SF3B1 of U2 snRNP to PRP8!E| likely contributing
to docking of U2 snRNP to the U5 snRNP. PLRG1WP40 is stably docked near the core
of the spliceosome, lodged beneath PRPSHE, providing an interface for other proteins
such as SKIP (see section to bind. A short o-helix of CWC15 could be docked
into a density near PRPSHB, based on crosslinks as well as the position of this protein
in the published B** cryo-EM structure [99]. The ARM repeats of CTNNBLI, a protein
previously unmapped in any spliceosomal structure, could be docked based on crosslinks
into a large curved-cylindrical density at the outer periphery of pre-B**2. CTNNBLI1
is linked to the body of the complex by a short o-helix of CDC5L as well as the U-box
domain of PPIL2. All components of the NTC are docked to positions that are highly

similar to their previously observed positions in B,
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Fig. 3.9: NTC integration into pre-B2°*! and pre-B2°*2, NTC proteins CDC5L, PLRG1, and
CWC15 binding to pre-B** are shown. CDC5LMY® binds above PRP8ME, between SF3A2 (U2 snRNP
protein) and SKIP (NTR protein). In pre-B2*-2 (right panel), CTTNBLI is attached to the periphery of
the complex and additional domains of CWC15 are structured. PPIL2 is shown for orientation. Structures
are aligned on PRP8NTP,
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3.5.3 NTR proteins

NineTeen Complex Related (NTR) proteins SKIP, RBM22, BUD31, and PPIL1 all bind
during spliceosome activation. Of these four proteins, only SKIP, RBM22, and BUD31
were detectable (Fig. [3.10). PPILI joins in late stages activation (mature B** and is
stabilized by surrounding protein-protein interactions. Several portions of SKIP could be
docked throughout the core of each complex (Fig. ; its N-terminal domain interacts
with the NTC proteins PLRG1 and CDC5L and the NTR proteins RBM22 and BUD31,

as well as PRP8HB . while its long helical region spans the outer edge of PRPSRT

, ending at
the RES protein SNIP1. In pre-B**2, additional regions of SKIP are stably integrated; in
particular, a C-terminal strand that is sandwiched between PRPSRT and the RES protein
BUD13. SKIP thus forms an extensive "wiring" to connect far-reaching regions of the
spliceosome. RBM22 and BUD31 bind near the 5 SL of U6 snRNA, nestled into an
interface on PRP8NTP (Fig. left and middle panel). Moreover, RBM22 and BUD31
are bound immediately adjacent to the B-specific proteins MFAP1, PRP38, and SNU23,
which are engaged in maintaining the open conformation of PRP8. RBM22 contains
a Zinc-finger (Znf) domain and an RNA recognition motif (RRM). RBM22%" is stably
bound in both pre-B2*! and pre-B2*2, yet RBM228EM ig clearly resolved only in pre-
Bat2. RBM22 binds the intron distal to the U6/5'ss helix, guiding the intron into the

five-membered Intron Binding Complex (IBC).
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Fig. 3.10: NineTeen complex Related (NTR) proteins. NTR proteins gradually integrated from
pre-B2°1 to B2°t. In all structures, BUD31 and RBM22%™ bind to the U6/5'ss helix (i.e., 5'SS/ACAGA
helix). RBM22RRM and several portions of SKIP are first observed in pre-B2*"2 and retained in B®°'.
PPIL1 joins at a later stage of B2t. All structures are aligned on PRP8NTPof B¢t (PDB 6FF7).
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3.5.4 IBC and SYF3

In the B complex, the 3’ end of U6 and the 5 end of U2 snRNA are base-paired to form
U2/U6 helix I, which remains intact also in the activated spliceosome (B*Y; see .
Helix IT is bound by the U6 LSm proteins in the B complex [98]. At some point during
spliceosome activation, U6 LSm proteins are replaced by SYF3 and the intron-binding
complex (IBC) (see section [3.5.4 [225]). Helix II appears to be flexible in pre-B**!, as
evidenced by a cylindrical-shaped density distal to the U6 ISL and the U2/U6 helix Ib,
where helix II is located in B**. Crosslinking data allowed for the placement of the U6
LSm into a globular density near the expected position of helix II (Fig. , revealing
that U6 LSm remains associated with helix I even after loss of U4 snRNP, integration
of the NTC, and the large-scale remodeling of the spliceosome’s molecular architecture
that occurs during spliceosome activation. U6 LSm is replaced by SYF3 and the IBC in
pre-B*2 | as its binding site on helix II would otherwise clash with this protein ensemble
(Fig. . The HAT repeats of SYF3 provide a platform on which helix II appears to
be stabilized in pre-B**? (Fig. [3.19).

The IBC, consisting of five proteins (AQR, SYF1, ISY1, PPIE, and ZNF830; Fig. [1.16]
[225], is absent from pre-B**"! but is stably integrated in pre-B**? (Fig. . IBC com-
ponents interact with SYF3, upon which U2/U6 helix IT is accommodated. In pre-B2“*1,
helix II is bound by LSm proteins, abrogating binding of SYF3 (Fig. [3.11). Stabiliza-
tion of the IBC onto the spliceosome is apparently mediated not only by RBM22, but
also by SYF3 and SF3B2 and SF3B4. The N-terminal HAT repeats of SYF3 bridge the
IBC to the spliceosome by contacting SYF1 (Fig. [3.11). PPIE also bridges the IBC
to the spliceosome by providing a stable binding interface to channel the intron from
RBM22 to SF3B2/SF3B4 and finally to the SF3B1™AT domain, where the U2/BS helix

is sequestered.
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Fig. 3.11: Mutually exclusive interactions of LSm proteins and the IBC/SYF3. In pre-Bat!,
LSm proteins are still bound to helix IT and interact with PLRG1. LSm proteins are replaced by SYF3
and the IBC (AQR, PPIE, SYF1) in pre-B2*-2. PPIL2PPIas¢ als0 appears first in pre-B*°-2. Structures

are aligned on PRP8NTP

3.5.5 PPIL2 and PRP17

Several proteins involved in generation of the B join during spliceosome activation,
including PPIL2 and PRP17. The function of PPIL2 is not well understood. PPIL2
contains a PPIase and a U-box domain [231]. The U-box of PPIL2 binds to SNU114
and crosslinks to the nearby CTNNBL1*®™M domain (Fig. [3.9). The PPlase domain of
PPIL2 docks near U2/U6 helix I and forms numerous crosslinks to SYF3 (Fig. and
Table . Densities corresponding to the PPIL2 U-box and PPIase domains are evident
in pre-Ba*2 yet absent in pre-B**!, suggesting that PPIL2 may be recruited only at
intermediate stages of spliceosome activation. PRP17 is a protein that becomes structured
during the formation of the B**. Several short o-helices of PRP17 can be localized in
early states of B** while its WD40 domain is stably integrated near the catalytic center
at the latter stages of B2 formation [99]. In pre-B***2, a short fragment of PRP17 can
be docked alongside SKIP, similar as in B** (Fig. . Absence of density for PRP17 in
pre-Ba*! may indicate either a gradual structuring of PRP17 during the transition from

pre-Ba*! to pre-B**2 or a recruitment of this protein in the same transition.
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Fig. 3.12: Integration of PRP17 during activation. PRP17 is observed in pre-B2°*"2 but not in pre-

B2t interacting with the NTR proteins SKIP and RBM22. Additional regions of PRP17 are stabilized
in B2 (right panel). All structures are aligned to PRP8NTPof B2t (PDB 6FF7).

3.6 ldentification of previously unobserved factors

3.6.1 Stabilization of pre-B2°*'! by transiently interacting factors

TCERG-1 is a transcription factor that binds to the C-terminal domain (CTD) of Pol II
and has also been identified by multiple studies as a component of the spliceosome (see
section , although no structural evidence detailing the presence of TCERG-1 in the
spliceosome has been reported. TCERG-1 contains three WW domains, six FF domains
(FF1-FF6) and three coiled-coil domains [279]. TCERG-1 is abundant in the pre-B>*
sample, as shown by 2D gel electrophoresis followed by tandem mass spectrometry as
well as by XL-MS (Fig. and Table . In pre-B**!1 two long o-helical densities
stretch along the side of the spliceosome, extending from PRP8RT to the RecA2 domain
of BRR2N-term (Fig, . These long helical densities connect compact bundles of
short o helices comprising FF domain 1-6. Based on crosslinks, all 6 FF domains of
TCERG-1 can be docked onto pre-B2*!. TCERG-1 forms crosslinks to CBP80 as well
as to SRSF1, MFAP1, and multiple other proteins (Table . Density for TCERG-
1 is completely absent from pre-B*%2, suggesting that it binds only transiently to the
pre-B**! potentially playing a stabilizing role. TCERG-1 is to our knowledge the first

transcription factor that has been observed in the cryo-EM structure of a spliceosome.
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The cap-binding complex (CBC) is a bipartite structure composed of two proteins, CBP20
and CBPS80, that associates with the 7-methyl guanosine (m’G) cap at the 5 end of
pre-mRNAs during early spliceosome assembly [280]. The CBC mediates spliceosome
assembly in a co-transcriptional manner [281] and facilitates binding of Ul and U5 snRNPs
to the pre-mRNA [282]. Although the cap-binding complex is expected to remain bound
to the m’G cap structure and is present in all spliceosome purifications, it has not been
localized in any human spliceosome structure to date. In pre-B**! but not pre-B*t2,
a large density is evident near the exon-binding channel, from which the 5" end of the
pre-mRNA emerges (Fig. . The crystal structure of the cap-binding complex can be
docked into this density based on crosslinks as well as on proximity to the 5" end of the
pre-mRNA. After docking of the cap-binding complex, a low-resolution density between
the CBP20 and the 5 end of the 5 exon remained. Inspection of crosslinks permitted
docking of an RNA binding protein, SRSF1 (Table , Fig. . SRSF1 is a serine-
and arginine-rich (SR) protein containing two RRMs and is known to be implicated in 5'ss
recognition by the Ul snRNP (see section . This is the first report of an SR protein

being localized in a spliceosome structure.
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Fig. 3.13: Localization of TCERG-1, CBP80/20, SRSF1REM2 i pre-Bact-l. The pre-Bact-!
structure is shown in two orientations. TCERG-1 wraps around pre-B®*! and contains 6 FF domains
(FF1-6). FF1 interacts with BRR2N-*"™ (left panel). In addition to TCERG-1, several other proteins
bind to the periphery of pre-B2*"! including the cap-binding complex (CBP80/20), SRSF1RRM2,
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WBP11 (also known as SIPP1/NPW38BP) is a component of the spliceosome [283].
WBP11 binds to PQBP1 in vitro and protein phosphatase 1 (PP1) in vivo [283]284]. The
positioning and mechanism by which WBP11 exerts its activity in a biological context
is not well understood. Structural evidence of WBP11 has not been reported, although
secondary structure predictions of WBP11 exist. In pre-B**! an a-helical density inter-
sects the core of the spliceosome, near the nascent catalytic center, situated between the
U6/5'ss helix and the U6 ISL. Multiple crosslinks to PRP8, PLRG1, and SNU23 allow
for the placement of WBP11 (aa 24-59), a predicted o-helix, at this position (Fig. [3.14)
(Table . WBP11 passes along the U6 ISL immediately above U74, a nucleotide that
is part of the catalytic center and must be flipped out of the stem-loop in order to par-
ticipate in triple helix formation. Although crosslinks to the binding partner of WBP11,
PQBP1, are also present in the XL-MS dataset (Table , no corresponding density
was observed in pre-B**!. In pre-B**2 density for WBP11 between the U6/5'ss helix
is absent, indicating that WBP11 is displaced from this position during catalytic center
formation (see for detailed discussion).
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Fig. 3.14: Localization of WBP11 in pre-B2°*!. An o-helix of the B-specific protein WBP11
intersects the core of pre-B**! but is displaced in pre-B**2 and B** (PDB 6FF7). WBP11 passes
between the U6/5’ss helix (i.e., 5'SS/ACAGA helix) and the U6 ISL, in particular immediately above
the phosphate backbone of U6 nt U74.
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3.6.2 Coordination of a network of protein-protein interactions in

pre-B?*2 by the DNA/RNA-binding protein KIN17

KIN17 is an RNA/DNA-binding protein implicated in UV-induced DNA damage repair,
although an exact function for this protein has yet to be documented [285, 286]. The
solution structure of a KIN17 fragment demonstrated that it forms a winged-helix (WH)
motif [287]. KIN17 has not been observed in spliceosomal structures, yet it appears
in mass spectrometry data of spliceosomal complexes [75]. Mass spectrometry analysis
of the pre-B** sample indicated the presence of KIN17 (Fig. [3.1). In pre-B**2 only,
the WH motif can be docked into a globular density between the U6 ISL and PRP8®,
based on crosslinks to PRP8 and SNU23 (Fig. [3.15)) (Table[B.2)). An o-helix of KIN17 is
connected by a short linker to the WH domain, and is located in a density running between
the WD40 domains of SF3B3-BPB and SF3B3-BPC. The SH3 domain of KIN17 was
docked into a low-resolution density at the periphery of the complex, guided by crosslinks
proceeding C-terminally from the SF3B3-bound o-helix of KIN17 as well as a crosslink
between the SH3 domain and SF3B1 (Fig. [.15] right panel). Binding of KIN175" is in
a mutually exclusive position compared to the DEAH box helicase PRP2 binding site in
B*“*, suggesting that KIN17 transiently binds and must be displaced to allow for PRP2
to be integrated to the complex en route to catalytic activation. Positioning of the KIN17
WH and o-helix may imply a possible role of KIN17 in organizing protein-protein and/or
protein-RNA interactions surrounding the active site, as it binds close to the catalytic

core of the complex.
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Fig. 3.15: KIN17 binds transiently in pre-B2°t-2, KIN17 interacts with SF3B3 and PRP8®H and
SF3B1 in pre-B“*2. The domain structure of KIN17 is depicted for orientation (upper right panel). Znf
- zinc finger, H - helix. 5'SS/ACAGA helix label indicates U6/5’ss helix.

3.7 Early steps in the stepwise folding of the U2/U6

active site RNA

The spliceosome’s catalytic center — comprised of the U6 ISL and U2/U6 helix la and Ib as
well as interactions with the U6/5ss helix — begins to form during spliceosome activation.
Pre-B** structures reveal new insights into the order in which these secondary structures
form en route to the fully formed catalytic center of B** (Fig. [3.16). Pre-B**! and
pre-B2*2 contain similar features, yet also exhibit stark differences in the maturity of the

formation of their RNA networks (Fig. [3.18)).

3.7.1 Formation of U6 ISL in pre-Bact-!

Following liberation of U4 snRNA from the spliceosome, a single-stranded region (nts A56

to A78) of U6 snRNA refolds into the catalytically essential internal stem-loop (ISL).
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Fig. 3.16: Reorganization of U2/U6 snRNA upon unwinding of U4 snRNA by BRR2. 3D
representation of changes in the RNA network that occur during activation. B complex (left; from PDB
509Z) contains U4 snRNA, which is dissociated by BRR2 unwindase activity to allow U6 snRNA to
engage in new base-pairing interactions. A hypothetical intermediate, BA, is shown to illustrate how the
absence of U4 snRNA liberates U6 the nucleotide sequence that are rearranged. In pre-B2<*"!, U6 ISL is
formed and U2/U6 helix II has been repositioned. Unstable parts of the catalytic center in pre-B*“*! are
indicated with stippled lines corresponding to functionally relevant sequences.

The loop of U6 ISL is formed in both pre-B*** structures and is nested within the core
of the spliceosome. The loop region of the ISL (nts G65 to A69) in pre-B**? exhibits
a similar arrangement to that of B**. The loop region (nts G65 to A69) of the ISL
is docked to its final position on PRPSNTP  as in B*t. PRP8NTPL 4 flexible strand of
basic residues that meanders around the loop of the ISL in the activated spliceosome, is
partially structured in pre-B**! and pre-B**2 (Fig. [1.11)). The residues of PRP8NTPL
(aa 659 to 676) connecting PRP8NTP to PRP8YB appear to be flexible in both pre-Ba<t
reconstructions and was therefore not observed. Several other regions of proteins that
encompass the U6 ISL in the fully formed catalytic network of B, such as SF3A2 and
SF3B2 are also not observed. The mid-stem region (nts G75 to A73 and C60 through C61)
of the ISL appears to be distorted in both pre-B** complexes relative to B, with pre-
B! and pre-B#*2 each exhibiting unique conformations in this region Nucleotides
(A73 and UT74) of the mid-stem region important for the construction of the triple helix
as well as for metal ion coordination appear to be stacked into the ISL, instead of flipped
out as in B** although the resolution of the mid-stem region does not permit detailed
comparison of the configuration of these nucleotides. The lower-stem of the ISL (nts A76
to A78 and U57 to G59), distal to the loop region, is not well resolved and therefore could

not be modeled.
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Fig. 3.17: Unique conformations of U6 ISL in pre-B2°t and proposed alternative base-pairing
scheme. Density fits of the U6 ISL in B2t (EMD 4255 and PDB 6FF4), pre-B2“*"1 | and pre-B*°*2? suggest
rearrangement of U6 ISL base-pairing, leading to unique conformations of the ISL. The base-pairing
scheme of B! and a proposed base-pairing scheme of pre-B“*"! (right panel) are indicated. Alternative
base-pairing of the mid-stem region (nts C60, C61, A73, and U74) may lead to a more compact (B**) or
elongated (pre-B2*1) ISL conformation. Adapted from [I31]. Reprinted with permission from AAAS.

3.7.2 Stable formation of U2/U6 helix Ib in pre-Ba2

In the fully formed catalytic center of B**, the U6 ISL is tightly packed against two short
RNA duplexes, U2/U6 helix Ia and Ib (Fig. right panel). U6 (nt A56) connects
the ISL to helix Ib. The U6 nucleotides (A53, G54, and C55) of helix Ib form the AGC
catalytic triad and are essential for splicing catalysis, forming part of the RNA triple helix
of the active site (see Fig. [3.18). In addition, the U6/5'ss helix is situated close to helix Ib
and the ISL, allowing G46 and A47 of the U6 ACAGA(GA) sequence to form Hoogsteen

interactions making up the third strand of the triple helix.

Pre-B2*! does not exhibit a stably formed helix Ib, whereas pre-B2*2 shows clear density
for helix Ib (Fig. ,C,E). In pre-B**2 helix Ib is docked to its final position on
PRP8"B and CDC5LM as in B (Fig. [3.19G,F). Basic residues of PRP8 (K774, R781,
K1020) surround the flipped-out U2 nts A23 and A24 separating helix Ia and helix Ib
nucleotides, clamping helix Ib into place in pre-B2*? (Fig. [3.19)G). The second RNA
duplex, U2/U6 helix Ia, could not be detected in either pre-B** reconstruction. At low
thresholds in an unmasked, unsharpened map of pre-B**2 a strand-like density extends
from the U6 nts of helix Ib to the U6/5ss helix (Fig. [3.19D). The U6 nucleotides that
will later contribute to U2/U6 helix Ia are thus initially in an extended conformation,

connecting the U6/5’ss helix and helix Ib prior to base-pairing with U2 snRNA (nts G25,
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Fig. 3.18: Establishment of catalytic center through interaction of U2/U6 snRNAs. The
stepwise formation of the catalytic center is shown as a 2D diagram (upper row) and 3D models (bottom
row) from left-to-right for pre-B2*"1 pre-B2°*"2 and B** (from PDB 6FF4). Unstable regions of RNA
are indicated with colored stippled lines. The U6 nts C68 and U74 are labeled for orientation. Nucleotides
that form the triple helix are indicated in the 2D diagram of B2“* (upper-right panel). Adapted from
[131]. Reprinted with permission from AAAS.

A26, U27, C28) to form helix Ia (Fig. [3.18] right panel). This extended conformation
must later be changed to a more compact arrangement to allow for the triple helix to

form (Fig. 3.18)).
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Fig. 3.19: EM densities of RN A structures involved in formation of the active site. Cryo-EM
densities of RNA structures of pre-B**"! and pre-B2*2. (A) U6/5'ss, U6 5’ SL, and U6 ISL of pre-Bat-1.
(B) Comparison of U6 ISL model and density from pre-B2*-! (left) and B*** (right; EMD 4255 and PDB
6FF4). (C) U6/5'ss, U6 5" SL, and U6 ISL, U2/U6 helix Ib, helix II of pre-B2“*-2. Note that the linker
region (U6 loop Ia) between U6/5'ss and helix Ib is not visible at this threshold but is shown in (D) at a
lower map threshold. (E) Fit of U2/U6 helix Ib in pre-B**2. (F) Docking of U2/U6 helix Ib to PRP8"E
and organization of NTC protein CDC5LMY? in pre-B**2. (G) Comparison of basic residues of PRP8
(R774, R781, K1020) that surround the flipped-out U2 nts A23 and A24, which separate U2 helix Ib
and Ia, in pre-B**2 and B** (EMD 4255 and PDB 6FF4). From [I31]. Reprinted with permission from
AAAS.






4 Discussion

The pre-B**" structures reported here provide new insights into the complex assembly
pathway of the spliceosome during activation. By stalling the spliceosome during the
formation of its catalytic center, we were able to observe novel aspects of several strategies
the spliceosome uses to form the U2/U6 RNA network at intermediate stages of activation,
ensuring accurate folding of the active site. These strategies (discussed in detail in the
following sections) include large-scale dynamics in the organization of protein-protein
interactions; potential links to co-transcriptional splicing; mutually exclusive interactions;
and gradual stabilization of proteins surrounding the active site. All of these modalities
appear to contribute to the protein-guided folding of U2/U6 RNA, beginning with the U6
ISL, followed by the U2/U6 helix Ib, and finally the U2/U6 helix Ia and resulting catalytic
triplex. In addition to highlighting details of the human spliceosome’s activation step, our
structures bring up questions for further studies into the necessity and specific roles of

various proteins or protein domains in productive formation of activated spliceosomes.

4.1 Functional implications of large-scale dynamics of

BRR2 and PRP8

BRR2 is the only DExD/H-box ATP-dependent helicase that remains bound to the
spliceosome following its unwindase action and occupies distinct positions in the tri-
snRNP, B complex, and B***  as well as in later stage complexes) [99, [122, [195], [196].
BRR2 is kept tethered to the spliceosome by its connection to PRP872P!. Retention of
BRR2 following U4 snRNP dissociation suggests BRR2 may additionally carry out other

roles in the spliceosome besides ATP-dependent helicase activity. Prior to U4/U6 snRNA

79



80 DISCUSSION

unwinding, BRR2 is kept in an inhibited state by the C-terminal region of PRP8’ab!
[191]. In the pre-B**, BRR2 is repositioned following U4/U6 snRNP unwinding and is
kept in a very different position than in the B or B** complex, with its C-terminal region
being rotated relative to its position in B** (Fig. [3.6). BRR2 must be tightly regulated
prior to activation to prevent premature unwinding of the U4/U6 snRNA duplex. This
regulation is carried out by multiple factors and domains, including but not limited to
PRPS8R PRP8%! and FBP21. The trigger for BRR2 unwindase activity is unclear,
but appears to be closely tied to changes in the factors that regulate BRR2. While the
pre-B*' structures do not offer explicit insight into BRR2 regulation, they do indicate
that factors governing BRR2 regulation are repositioned following release of U4 snRNA
by BRR2. BRR2 repositioning appears to be closely tied to the dynamics of PRP8”#P!,

which is mobile in all spliceosome intermediates from the tri-snRNP to B** (Fig. [3.5)).

PRP8’2P! contains an intrinsically disordered region that is inserted into BRR2 to prevent
binding of RNA [191]. This unstructured region of PRP872! must be removed from BRR2
to allow for it to be loaded onto the U4/U6 snRNA duplex. BRR2 is proposed to become
inactivated following U4 release, again by the C-terminus of PRP8’#"! [I91]. In pre-
Bl TCERG-1 binds the N-terminal region of BRR2 (Fig. [3.13)). This is a previously
uncharacterized protein-protein interaction that could stabilize or regulate the activity
of BRR2, or at least aid in its initial repositioning. Following dissociation of TCERG-1,
BRR2 remains in a similar position in pre-B**2, anchored to its binding site on PRP8’2P1,
This positioning is in stark contrast to the position of BRR2 in the B®*, in which BRR2
is again rotated, forming connections to SF3B3 (Fig. [3.6). This interaction appears to
be important for stabilizing the U2 snRNP following its docking to PRP8 (Fig. [3.7).
These repositioning events appear to be coupled to PRPS® and PRP872P! repositioning
(Fig. [3.5). Nonetheless, it is unclear whether BRR2 repositioning is a consequence or
the cause of PRP8® and PRP8’?P! dynamics, or what forces may drive these large scale

rearrangements.

8RH

The pre-B*** complexes are the first snapshots of what happens to PRP immediately

following U4 snRNA dissociation. In addition to its dynamic repositioning throughout
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the assembly and function of the spliceosome, PRPSRH exhibits several regulatory func-
tions. PRP8®H regulates BRR2 activity by preventing BRR2 binding to U4 snRNA [193].
Moreover, PRP8®! contains a motif that undergoes a conformational toggle between a
B-finger and a loop, and this toggle is implicated in control of splicing fidelity as well
as Mg?" binding that stimulates splicing (Fig. [1.11)) [194], 288]. Furthermore, PRP8RH
was suggested to be involved in organization of the spliceosome’s catalytic center [I8§].
Consistent with a role in catalytic center formation, PRPS8®! is positioned near the U6
ISL in both pre-B** structures. In pre-B**! the p-finger is positioned above WBP11
and the U6 ISL and points outward from the core of the spliceosome. In pre-B**2 the -
finger is rotated farther away from the catalytic center and KIN17. In addition, the entire
PRPS8®H appears to be more flexible in pre-B***!, implying that it may be destabilized
prior to being drastically repositioned in B, The proximity of PRPSR! and its rotation
in the pre-B**! to pre-B**? transition suggests that it may be involved in guiding the
formation of U6 ISL by modulating protein-RNA interactions surrounding the nascent

catalytic center.

Finally, PRP8®! positioning and dynamics appear to facilitate docking of U2 snRNP to
PRP8 (Fig. [3.7). In the B complex, the functionally important SMU1/RED proteins
likely stabilize the U2 snRNP on the spliceosome by bridging it to BRR2, as U2 snRNP
would otherwise be connected only via very flexible connections mediated by U2 snRNA
[98]. This bridge appears to be replaced by PRP8®! in both pre-B2*! and pre-B2*2, with
PRP8™ being situated between BRR2 and U2 snRNP (see section [4.3.1)). Moreover, it
is reasonable to suggest that the rotation of PRP8R from pre-B**"! to pre-B*t2 (section
may be involved in the more stable docking of U2 snRNP, particularly SF3B1HFAT,

to the latter.

Repositioning of the Switch loop (SWL) of PRP8 (PRP85WL) (aa 1329-1367) also occurs
during activation (Fig. and [3.5). Prior to activation, PRP85W" maintains contact
with the PRP8"", while in the activated and catalytic spliceosomes it undergoes approx-
imately a 180°rotation to face the PRP8SWE [200]. This change is proposed to transition

the PRP8*WE from an "inactive" to an "active' conformation [200]. In the inactive confor-
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mation of the B complex, PRP8W! is contacted by a flexible strand of SNU66 (approxi-
mately aa 142-160) [98]. This contact is disrupted in pre-B2, but PRP8*WE remains in
place. Thus, while SNU66 may contribute to locking PRP8SW in the inactive form, other
factors must contribute to preventing PRP8SWE repositioning. PRP8SWY may remain in
the inactive form due to the presence of the B-specific proteins (in particular UBL5 and
MFAP1), which are bound immediately beneath the PRP8WL. Displacement of UBL5
and MFAP1 appears to coincide with the transition of PRP8W to the active confor-
mation, in which it PRP8WE closely interacts with SRRM2 that binds to the activated
complex (summarized in Fig. [4.3]). This finding is consistent with a previous suggestion
based on structural evidence, which stated that either SNU66 or the B-specific proteins
could be responsible for regulating the repositioning of PRP8SWL 200]. PRP8SWL should
be more thoroughly investigated to understand whether its conformational dynamics play

important roles in spliceosome activation and/or catalysis.

4.2 TCERG-1 and potential links to co-transcriptional

RNA splicing

TCERG-1 (also known as CA150) is reported to bind the Pol II CTD and to regulate
transcription and to interact with the spliceosome, although the exact nature by which
TCERG-1 exerts its activity in the spliceosome is unknown [289-H291]. Although TCERG-
1 was identified as a component of the spliceosome, it has not been mapped to any 3D
structure of the spliceosome until now. Binding of TCERG-1 to pre-Ba*'! suggests that
it may be recruited in the early stages of transitioning from the B to pre-B*'! complex,
following dissociation of U4 snRNP (Fig. [3.13). The extensive contacts between TCERG-
1 to BRR2, PRP8, CPB80/20, and the B-specific proteins suggest that it may be involved
in stabilizing or guiding the intermediate state of the pre-B**! spliceosome. Contacts to
BRR2Y€ indicate that TCERG-1 may also help stabilize the repositioning of BRR2 after

it unwinds the U4/U6 duplex and thereby undergoes a complex rotational movement
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(Figs. and 3.7). Binding of TCERG-1 to pre-B**! appears to represent a transient

interaction with the spliceosome, as TCERG-1 is destabilized in pre-Ba*-2,

In addition to TCERG-1, WBP11 in pre-B**! provides another example of a potential
link between the splicing and transcription machineries. Both TCERG-1 and WBP11 bind
the Pol IT CTD, although it is not known whether these interactions occur simultaneously.
WBP11 also interacts with PQBP1 (also called NPW38) and protein phosphatase 1 (PP1)
[283, 284]. PQBP1 has been reported to interact not only with the spliceosome, but
also with the transcription machinery. WBP11 and PQBP1 form a complex in which
PQBP1 binds the spliceosomal protein DIM1 (also called U5-15 kDa; associated with
the B complex) and Pol IT CTD [292H294]. It is unsurprising that PQBP1 has not been
observed in the B complex, as the C-terminal region of PQBP1 that interacts with DIM1
is intrinsically disordered [295]. PQBP1 binds to the C-terminal of WBP11, while only
the short N-terminal a-helix of WBP11 was identified in pre-B**!. Although PQBP1
is detectable within the mass spectrometry data of the pre-B*** sample, it could not be
localized within the cryo-EM reconstruction of either pre-B** complex. WBP11 was
shown to bind and weakly inhibit PP1, and the inhibition increased when WBP11 was
phosphorylated [283]. The interplay between WBP11, PQBP1, PP1, and the Pol II
CTD should be more thoroughly investigated to understand the role of possible crosstalk
between transcription and pre-mRNA splicing, and how this may be intimately tied to
association of WBP11 to the spliceosome during activation. It is noteworthy that both
TCERG-1 and WBP11 dissociate from the spliceosome, or at least to become destabilized,
in pre-B*2. These transient interactions may suggest that early steps of spliceosome
activation could be closely tied with transcription, and that these two processes could be
mutually affected at this stage of spliceosome assembly. Nonetheless, more experiments
will be required to understand how TCERG-1 may be recruited to the spliceosome and

whether it may mediate crosstalk between transcription and splicing.

Another link in pre-B*! between the transcription factor TCERG-1 and the spliceosome
is SRSF1 (Fig. [3.13). SRSF1 (also called ASF/SF2) is a serine-arginine (SR) protein

that binds RNA and influences spliceosome assembly by aiding Ul snRNP recognition
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of the 5'ss [296]. Domains FF4 and FF5 of TCERG-1 were shown to interact with the
splicing factor SRSF1, thereby assisting in its localization it to nuclear speckles where
spliceosome components are thought to be concentrated [297]. The RRMs (RRM1 and
RRM2) of SRSF1 were demonstrated to interact with U1-70K®*™ while the RS domain
in the C-terminal region of SRSF1 was shown to bind to Pol II CTD [298, 299]. As
Pol II CTD is known to bind a plethora of splicing factors, it is unknown whether the
binding of TCERG-1 and SRSF1 to Pol II CTD is simultaneous and/or coordinated.
Nonetheless, it is noteworthy that both TCERG-1 and SRSF1®EM2 are both localized
in the pre-B**! complex. While TCERG-1 clearly becomes destabilized in pre-B2t2,
it is unclear whether SRSF1REM2 3150 dissociates from the pre-mRNA, or whether it is
simply not visualized due to the apparent flexibility of this region in pre-B#*2. Binding of
TCERG-1 to pre-B#*! but not pre-B***? would appear to be consistent with a model in
which TCERG-1 binds transiently to the transcription machinery or the spliceosome, as
previously suggested [300]. Further experiments should be conducted to understand the
interplay between TCERG-1 and spliceosome activation, as well as the nature of possible

feedback mechanisms between transcription and splicing and how these may be mediated

by TCERG-1.

4.3 Mutually exclusive interactions during spliceosome

activation

The pre-B** complexes reveal previously undocumented transitions in the activation of
the spliceosome, an event consisting of the dissociation of approximately 32 proteins and
U4 snRNA and the association of at least 28 proteins. Many of the proteins bound to the
B complex occupy binding sites that are later occupied by different factors in B!, thus

being mutually exclusive interactions.
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4.3.1 Dissociation of B-specific proteins is a prerequisite for PRP8

conformational change and integration of B®" proteins

Removal of B-specific proteins is necessary for the large-scale conformational change of
PRPS8 from an open to a closed conformation (Fig. [3.4). The B-specific proteins would
furthermore clash with several B**-specific factors: CWC27 and RNF113A. It is unclear
what governs the removal of the B-specific proteins to allow for conformational change of
PRPS8 as well as for the association of the B**-specific factors, including CWC22/CWC27
(which forms a heterodimer), RNF113A, and SRRM2.

Several B-specific proteins (SMU1, RED, and FBP21) are not visualized in pre-B** struc-
tures, yet were localized in the B complex. SMU1 and RED together form a dimer
that bridges BRR2 to SF3B3, potentially stabilizing the flexibly associated U2 snRNP
[196]. SMU1 and RED were shown to be required for splicing of short introns (approx-
imately 100 nts or fewer) [205]. SMU1 contains a WD40 domain while RED contains
two short a-helices and extensive disordered regions that crosslink to many components
of the spliceosome [196], [301]. Knockdown of SMU1 and/or RED prevents activation of
the spliceosome, stalling assembly at the B complex stage [205]. Progressive shorten-
ing of the sequence between the 5'ss and the BS of the intron resulted in splicing being
blocked when SMU1/RED were absent, suggesting the latter could be involved in medi-
ating structural rearrangements required for positioning of the intron [205]. Both SMU1
and RED are detected in the mass-spectrometry data of the purified pre-B***, suggesting
they remain present in the complex but are loosely associated and therefore undetectable
in the EM densities (Table . In the human B complex, bridging of BRR2 and SF3B3
of U2 snRNP may assist in the docking of U2 onto the spliceosome during activation.
In the pre-B**' complex, this bridge appears to be either destabilized or not present,
despite the presence of SMU1/RED in the sample. This apparently loose association
between SMU1/RED and the spliceosome could suggest that SMU1/RED act transiently
at the B complex stage during activation, helping to guide U2 snRNP into place, and are

subsequently destabilized. Furthermore, BRR2 and SF3B3 are in a different orientation
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relative to one another in the pre-B*** structures than in the B complex, leading to these
components being separated by a larger gap (see Fig. . The gap between BRR2 and
SF3B3 is occupied by PRP8® | which appears to be dynamic even between pre-B2*! and
pre-B2t2 (Fig. . Consistent with its proposed role in activation, it is thus reasonable
to hypothesize that SMU1/RED thus acts transiently and subsequently becomes desta-
bilized from its original binding site between BRR2 and SF3B3 after guiding U2 snRNP
into place, and that its bridging interactions may be replaced by the repositioned PRPSRH

in pre-B*°t,

While nearly all B-specific proteins are abundant in the pre-B*** sample, FBP21 was not
detectable (Tables and [B.2). This likely is due to the close association of FBP21
with U4/U6 snRNP-related proteins, including PRP6, DIM1, CypH, which are dissoci-
ated during activation [276]. FBP21 binds to a site that is sandwiched between BRR2
and PRP6/DIM1 in the B complex [98]. Following unwinding of U4/U6 snRNA duplex,
BRR2 becomes repositioned and U4 snRNP is dissociated from the spliceosome to allow
activation to occur. During this transition, the interaction between FBP21 and BRR2
appears to be disrupted, possibly suggesting that FBP21 remains associated with U4
snRNP components and is thereby displaced. Importantly, only the N-terminal Znf do-
main of FBP21 has been localized in the spliceosome, while FBP21 has shown to have
additional interactions with numerous spliceosomal proteins, including BRR2, which it
was reported to regulate by binding of an intrinsically disordered region to BRR2¢-ter™
[126]. FBP21 was shown to interact with WBP11 (also known as NPW38BP /SIPP1) with
its two tandem WW domains [302]. Both proteins are classified as B-specific proteins due
to their characteristic association with the B complex. Although FBP21 is not abundant
in the pre-B**' samples, it may nevertheless be involved in positioning of WBP11 into
the nascent catalytic center of the spliceosome during the transition from the B to the

pre-B*! complex.

B-specific proteins that block the conformational change of PRPS8 consist of PRP38,
MFAP1, SNU23, and UBL5. These proteins are deeply lodged within the cleft between

PRP8" and PRP8NTP. PRP38 is of particular importance in the organization of the
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B-specific proteins, as it forms direct contacts to MFAP1, SNU23, and UBL5 — consis-
tent with its proposed role as a platform that helps coordinate multiple proteins during
spliceosome activation [204]. Previous studies in yeast indicated that PRP38 is required
for splicing, particularly at the activation step. Intriguingly, depletion of PRP38 did not
inhibit pre-spliceosome formation, but abrogated spliceosome activation by preventing the
release of U4 snRNA [303]. This still did not clarify whether PRP38 remained bound to
the spliceosome after U4 snRNA dissociation. In contrast, the pre-B** complexes provide
biochemical and structural evidence that PRP38 (and associated MFAP1, SNU23, UBL5)
indeed remains bound after U4 snRNA is released. Given the requirement of PRP38 in
splicing, it appears that PRP38 and the remaining associated B-specific proteins could fa-
cilitate U4 snRNA release by holding PRP8 in an open conformation, which may favorably
position the U4/U6 snRNA duplex for unwinding by BRR2.
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4.3.2 Displacement of WBP11 from pre-B®*! allows for
rearrangements of U6 ISL en route to a mature catalytic

center

WBP11, bound to the nascent catalytic center only in pre-B**!, must be dislodged from
the core of the spliceosome to allow for maturation of the active site (Fig. [3.14]). The
position of the WBP11 would clash with the folding of U6 snRNA, particularly the for-
mation of helix Ia. Strikingly, WBP11 passes along the backbone of the U6 ISL and is
situated above a functionally relevant nucleotide, U74, that becomes bulged out of the
ISL in the B** (Fig. [3.14). U74 becomes stacked with G46 and interacts with C55 to
contribute to formation of the triple helix (Fig. [3.18]). U74 appears to be stacked into
the ISL in pre-B*%*!, This arrangement may suggest that WBP11 could initially aid in
the formation or placement of the ISL, and becomes displaced following the docking of
the ISL to PRPSN™. How WBP11 may become displaced from the spliceosomal core
is yet unclear. However, the presence of WBP11 in pre-B**! is in line with a report
documenting WBP11 as a part of the spliceosome [283]. Interestingly, a C-terminal re-
gion of WBP11 (aa 180-372) was documented to be the portion of this protein that stalls
splicing catalysis, while the a-helix of WBP11 mapped in the pre-B2*! is located in the
N-terminal region (aa 2-59) [283]. Thus the N-terminal a-helix appears to play a role in
spliceosome activation (or regulation), while the C-terminal region may be involved in
regulation of splicing catalysis. In summary, the position of WBP11 in pre-B**! implies
that WBP11 exerts its regulatory activity at least in part during formation of the active
site, perhaps by functioning as a checkpoint to ensure proper folding of the catalytic RNA

network.

4.3.3 Exchange of U6 LSm for IBC, SYF3, and PPIL2

In pre-B**! U6 LSm proteins are still bound to U2/U6 helix II (see section [3.5.4)). In
pre-B2*2 U6 LSm is replaced by SYF3, which cradles U2/U6 helix IT and coordinates
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the protein-protein interactions stabilizing the IBC (Fig. [3.11). Of SYF3, only the N-
terminal HAT repeats are stably bound to pre-B2'*2, while the C-terminal HAT repeats
appear to be flexible and only integrated in B2<'. It is unclear whether SYF3¢-ter™ ig

3N-term provides

indispensable for splicing activation or other steps during assembly. SYF
not only a binding site for U2/U6 helix II, but also a platform for one of its interaction
partners, PPIL2. SYF3 was shown to be important for spliceosome function in wvitro,
as immunodepletion resulted in inhibition of splicing [304]. In addition to providing an
interface for the binding of U2/U6 helix II, PPIL2 and the IBC, SYF3 also appears to be
important for stabilization of the catalytic center. In B!, SYF3N-t™ hecomes pushed
toward the ISL and comes into contact with the flipped out C60 base of the ISL as well as
with a strand of SKIP (Fig. . These contacts are not yet established in pre-B2*2 but

appear to be primed to occur following the transition of PRPS8 from an open to a closed

conformation.

The functional significance of the interaction between SYF3N-trm and PPIL2PPIase (Fig.
is less clear, albeit consistent with a previous report revealing binding between these
domains [230]. The proline isomerase activity of PPIL2 has been reported to be nonfunc-
tional, suggesting that PPIL2FY™8¢ may play more of a scaffolding role than a catalytic
one in the spliceosome [305]. In contrast, the U-box domain (PPIL2Y"**) exhibits E3
ubiquitin ligase activity [306], although its target is unknown. PPIL2Y°* binds to a cleft
situated on SNU114, directly opposite to the Armadillo repeats of CTNNBLI1 in pre-
B2 (Fig. [3.9). PPIL2 appears to join the spliceosome during activation and become
destabilized following Step 1 of splicing, although the significance of this transient binding
remains unclear [276]. An in vitro approach showed a concentration dependent inhibition
of spliceosome catalysis by PPIL2, suggesting that its dissociation may be necessary to

allow splicing to occur, yet it is unknown whether this occurs similarly in vivo [307).

Binding of SYF3N-ter™ to PPIL2 was found not to influence the ubiquitin ligase activity
of PPIL2 [230]. Both domains of PPIL2 were reported to bind to ZNF830, which is
detected in the sample by mass spectrometry but whose function in splicing is unclear

and which is the only component of the IBC that has not been localized in a spliceosomal
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reconstruction (Fig. [3.1) [306]. PPIL2 thus appears to coordinate multiple protein-
protein interactions in the spliceosome prior to activation, joining first at the pre-Bact-2
and remaining bound until the complex is fully activated. Furthermore, the PPIL2V-Pox
could maintain structural and functional interactions required for activation. Probing of
the ubiquitin ligase activity of PPIL2YP°% in the context of splicing will be necessary to

better understand the role of PPIL2 in spliceosome assembly and activation.

4.3.4 Destabilization of KIN17 liberates PRP2 binding site

KIN17 is a known component of the spliceosome but was localized for the first time in
the reconstruction of pre-B**2 reported here (Fig. [3.15)) [75]. Previous in vitro studies
have determined the structure of KIN17 domains and have provided some indications
of its RNA binding activity and potential protein-protein interactions, but did not offer
evidence as to the location or putative functions of KIN17 in the spliceosome (see section

3.6.2).

Absence of density for KIN17 in pre-B2*! suggests that KIN17 is recruited during tran-
sition from pre-B**! to pre-B**2. The position of KIN17WH is incompatible with the
position of the U6/5’ss helix in B*!, and must therefore be displaced following pre-B2<*2
formation. Dissociation of KIN17 from the spliceosome thus appears to be a prerequisite
for final folding of the catalytic center, yet due to its proximity thereof, may assist in

guiding maturation of the active site.

KIN17WH does not have known RNA binding activity, and was suggested to be involved
in protein-protein interactions, although its function in RNA processing is currently un-
known [287]. The position of KIN17WH in pre-B**? suggests that it may involved in
positioning proteins that surround and possibly assist formation of the catalytic cen-
ter. The nearby helix of KIN17, which intersects two WD40 domains of SF3B3 of the
U2 snRNP, appears to coordinate protein-protein interactions that could be involved in
docking of U2 snRNP onto the spliceosome. There is currently no reported function of

this helix of KIN17. The C-terminal SH3 domain of KIN17 (KIN17%H3) is loosely docked



4.3 Mutually exclusive interactions during spliceosome activation 91

to the HEAT repeats 7-8 of SF3B1 of the U2 snRNP. KIN175 binding appears to occur
transiently, as it would need to be displaced to liberate the binding site for PRP2 in the
Baet. KIN17°H3 binds RNA in witro, but this activity is undocumented in the context of
the spliceosome [308]. Positioning of KIN17%%2 in pre-B***2 would allow for access to the

intron sequence, which is bound by the adjacent RES complex.

KIN17 has been characterized as a component of DNA replication machinery and is known
to be upregulated following UV-induced DNA damage [285, 286]. Despite identification
of KIN17 in such processes, a mechanistic understanding of its action is still lacking.
Nonetheless, identification of KIN17 in the pre-B**? seems to indicate that it may be

shared among multiple molecular machineries in the nucleus.
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4.4 Stabilization of proteins within the spliceosome

during activation

4.4.1 RES proteins: BUD13, SNU17, SNIP1

Constituents of the RES complex, required for spliceosome activation, also appear to be
gradually stabilized at the periphery on an interface between the loosely docked U2 snRNP
and PRP8ET (Fig. . Of the three proteins in the RES complex, only the FH domain
of SNIP1 is observed in pre-B2*!. The binding site of SNIP1*" at the interface between
U2 and U5 snRNP components — in particular SF3B1, SF3B6, and PRP8®T — could
likely assist in the stabilization of U2 snRNP onto the spliceosome. SNIP1 also interacts
with the NTR protein, SKIP, which appears to anchor it to the complex. The two other
components of the RES complex, BUD13 and SNIP1, are likely attached but not localized
due to flexibility of this unstable interface. BUD13 and SNU17 are more stably integrated
into the complex in pre-B**2, with BUD13 sandwiched between a flexible strand of SKIP
and SNU17, and SNU17 accommodated in a gap between SF3B1HEAT and BUD13 (Fig.
. SNU17REM interacts with the intron where it emerges from SF3B17FAT | consistent
with the known RNA binding activity of SNU17 downstream of the branch site [207].
The gradual stabilization of RES binding observed in the transition from pre-B**! to pre-
Ba*2 i5 consistent with its reported cooperative binding properties, becoming more tightly
associated as the spliceosome becomes progressively activated [207, 208]. However, RES is
not yet as stabilized in pre-B2*2 as in the B2, indicated by the absence of the C-terminus
of BUD13 as observed in B** [99]. In the latter, a short o-helix (aa 530-538) interacts
with the B** protein CWC22 [99]. In addition, two short C-terminal o-helices (aa 474-
495) point toward the helicase PRP2, which is docked to SF3B1"PAT and is required for
catalytic activation [99, [309]. Deletion of SNU17 greatly impairs RES complex formation,
which leads to lower efficiency of spliceosome activation as well as premature disassembly

of spliceosomes by PRP2 [310]. The pre-B** structures demonstrate that RES becomes
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gradually stabilized on the spliceosome during activation, and that this event appears to

precede stable PRP2 binding to its position in B,

4.4.2 NTC binding and stabilization of U6 snRNA

The NTC complex (see section [3.5.2), consisting of PRP19, CDC5L, PLRG1, SPF27,
CWC(C15, and CTNNBLI, joins the spliceosome following dissociation of the U4 snRNP.
Previous studies indicated that association of NTC is associated with the loss of U6 LSm

while conferring added stability to U6 snRNA within the spliceosome [214].

Intriguingly, several NTC components are already stably integrated even as U6 LSm
remains bound in pre-B**!. This observation is consistent with a previous proposal that
U6 LSm dissociation is likely dependent on NTC binding [214]. Instead of a concerted
or mutually exclusive effect, the NTC proteins already begin to bind before U6 LSm
has left the complex (see section [3.5.2). Thus, destabilization of U6 LSm must not be a
prerequisite for addition of the NTC [214] (Fig. [3.11)). The stable binding of additional
NTC domains in pre-B**2, as well as the loss of U6 LSm in this structure, appear to be
involved in gradual stabilization of U6 snRNA (Fig. , as the RNA network of pre-Bact-2
is more mature than in pre-B**! (Fig. [3.18)). This stabilization of U6 snRNA is likely in
part contributed by the CDC5LMY, a part of the NTC (Fig. [3.19). CDC5LM™ domains
are bound near PRPS8!E | at an interface between U2 and U5 snRNPs (Fig. . In pre-
Bat2 CDC5LMP and PRP8HE domains accommodate U2/U6 helix Ib, coordinating the
phosphate backbone of U2 snRNA (nts G20-U22) with multiple basic residues (Fig. [3.19).
This interaction appears to be stably established at the pre-B**2 and is also present in
B?*. The absence of clear density for U2/U6 helix Ib in pre-B** may suggest that base-
pairing between the constituent nucleotides (U2 nts G20-U22 and U6 nts A53-C55) has
not yet been established, or that the positioning of U2/U6 helix Ib may already be formed
but not yet docked to its binding site on the CDC5L™ and PRP8"E domains. U2/U6
helix Ib is separated from the U6/5'ss helix by approximately 2.5 nm in pre-B**2 but

is brought into proximity with these nucleotides in B**. U6 helix Ia loop, visualized as
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a low-resolution density in pre-B?*2 appears to connect U6/5'ss to helix Ib (Fig. [3.18).
Separation of U6/5'ss and helix Ib thus appears to result in an extended conformation of
the U6 helix Ia nucleotides, preventing base-pairing thereof with U2 nts G25-C28 to form
U2/U6 helix Ia (Figs. and. In addition, CDC5LM® domains appear to provide
an additional link between the flexible U2 snRNP (via contacts with SF3A2) and the rest

of the spliceosome, possibly facilitating the stable docking of the U2 snRNP (Fig. [3.9).

PLRG1WP is stably bound beneath PRP8ME in both pre-B**! and pre-B***2 (Fig. [3.9)
and is connected to the NTC via the C-terminal region of CDC5L, which is not visible
in the pre-B** complexes but is a connection that is required for splicing to occur [311].
PLRG1WYP4 forms multiple contacts with intrinsically disordered proteins, including SKIP
and CWC15 (Fig. and . The explicit function of PLRG1 is unclear, aside from
its apparent role as a binding platform for otherwise very flexible splicing factors to
bind, consistent with the proposed role of WD40 domains as organizers of protein-protein

interactions [312].

Only a short o-helix of CWC15 (aa 218-226) can be localized in pre-B**!, whereas a
larger segment connected to this helix is bound to pre-B**2 (Fig. [3.9). As with other
members of the NTC, CWC15 appears to be gradually stabilized on the spliceosome in

the later stages of activation. El

PRP19 and SPF27 are not visualized in reconstructions of pre-B2*. This is unsurprising,
as even in the B***, densities for the PRP19 and SPF27 are not stably bound until later
stages of assembly, when the NTC helical bundle (NTCHB) becomes visible (see Fig. [4.3).
Together with CDC5LE ™ PRP19 and SPF27 form the NTCHE that is accommodated
by the translocation of U5-40K and PPIL1 in B** (state 4) [99]. Additional contacts
to the IBC, which is present in pre-B2*2, likely facilitate positioning of NTCHB. Thus
PRP19 and SPF27, while detectable in the sample by mass spectrometry, appear to be

the last members of the NTC to stably bind the spliceosome due to rearrangements in

I'stages of activation' refers to states 1-8 of the B2¢* reported in [99], detailing structurally distinct

states of Bt assembly.
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protein-protein contacts that occur only later in the assembly pathway (see Fig. and

Table [B.1)).

CTNNBLI is an essential component of the NTC, but has not been observed in any
spliceosomal structure besides pre-B2*2. CTNNBLI1 coordinates multiple protein-protein
interactions between CWC15 and CDC5L and thereby contributes to stability of the NTC,
but is loosely bound to these components and therefore readily dissociates at higher salt
concentrations (e.g., >150 mM) [215, B13]. In the pre-B**2 a short a-helix containing
segment (aa 147-159) of CDC5L mediates the connection of the CTNNBLARM domain
to the body of the spliceosome (Fig. [3.9). The integration of CTNNBLI1 and its role in
spliceosome activation is an exciting topic for new research and should be analyzed by

additional experiments in more detail.

NTC binding contribution to U6 snRNA stabilization appears to be more a consequence of
overall complex stabilization rather than as a result of direct interactions with U6 snRNA.
However, it was previously shown that the NTC proteins are required for the removal of
U6 LSm from the spliceosome [304]. The pre-B*** complexes highlight a possible role for
the NTC component PLRG1WP40 in mediating this transaction by providing a interface
on which U6 LSm is initially bound and subsequently replaced with SYF3 and the IBC,
offering a putative structural explanation consistent with previous biochemical studies.
This interaction leads to the stabilization of U2/U6 helix II and thus could potentially

contribute to the overall stability of the U6 snRNA within the spliceosome.

4.4.3 NTR proteins (SKIP, RBM22) and PRP17

In addition to the gradual stabilization of NTC proteins such as those comprising the
NTCHB (see section, several spliceosomal proteins involved in spliceosome activation
appear to join the spliceosome and become progressively stabilized along binding interfaces
throughout the complex. SKIP, PRP17, and CWC15 — all of which are present in B*** —
are partially stabilized on the pre-B2*. Both SKIP and RBM22 are NTC-related (NTR)

proteins.
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SKIP is an intrinsically disordered protein (IDP) that was shown to join the spliceosome
during activation [223]. Furthermore, SKIP is thought to be implicated in the recruitment
of PPIL1, a PPIlase that is integrated into the spliceosome in later stages of activation
(Fig. [4.3]) [222], B14]. SKIP appears to gradually undergo a disorder-order transition as it
binds throughout the spliceosome, consistent with an in vitro study showing that an N-
terminal fragment of SKIP becomes ordered upon binding to PPIL1 [223]. This transition
is even more pronounced in the spliceosome, with many regions of SKIP stably binding

to multiple interfaces throughout the pre-B*** complexes.

The SNW domain of SKIP contains a-helical regions as well as flexible strands (Fig.
1.14R). Multiple a-helices of SKIP are bound to PLRG1WP4 and along the boundary
between U2 and U5 snRNPs (Figs. and . These o-helices are connected by
flexible strands, as in the B*** [99] (Fig. [3.10)). Flexible strands of SKIP appear to be

further stabilized in the transition from pre-B**! to pre-Ba<*2.

RBM228R®M integration appears to be facilitated by binding of the IBC (Fig. [3.11).
Density for RBM228RM is not present in pre-B**!| suggesting that this domain remains
flexible until it is stabilized by protein-protein contacts with AQR of the IBC in pre-
Bat-2. RBM22%™ is evident in both pre-B** structures. The N-terminus of SKIP is
already bound near the PPIL1 binding site, situated on RBM22%*f and PRPSNT™P. An
o-helix of SKIP (aa 137-161) binds to PLRG1WP40 | opposite RBM22%*. Another longer
o-helix of SKIP (aa 282-325) wraps around the exterior portion of PRP8RT near the
junction between U2 snRNP components and PRPS8, and near SNIP1¥# (Figs. and
. In pre-B2t*2  additional strands as well as a short o-helix are resolved, linking the
RBM22%"-bound N-terminal region to binding sites on PLRG1WP4? sandwiched tightly
between SYF3 and U2/U6 helix IT and protruding into a gap between the U2 nucleotides
of U2/U6 helix Ib, CDC5LM¥* and PRP8"B. Finally, a flexible strand in the C-terminal
region (aa 405-438) winds through a gap separating PRP8®! and the RES protein BUD13.
The apparent disorder-order transition of SKIP thus appears to be detectable even in the
transition between pre-B2“*! and pre-Ba*2, with multiple regions becoming ordered across

distinct domain interfaces. In addition, ordering of SKIP coincides with stabilization of
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other functionally important interactions in pre-B2*2 including U2/U6 helix Ib and helix
I1, binding of SYF3, RES complex, and docking of U2 snRNP. In addition, one o-helix
of SKIP (aa 282-325) appears to serve as a binding platform for a short fragment of
CDC5L that extends towards CTNNBL1ARM | perhaps mediating the interaction between
CDC5L and the loosely associated CTNNBL1. It is unclear whether SKIP ordering is
a prerequisite for these assembly events to occur, or whether SKIP binding is part of a
concerted process in which SKIP and its interacting partners are mutually stabilized. The
gradual ordering of SKIP across functionally important components of the spliceosome
suggest that its disordered nature allows it to establish a dynamic network that may assist
in spliceosome assembly and activation. PRP17 is a splicing factor that associates with
the spliceosome during activation and has been reported to facilitate excision of introns
containing 200 nts or more [315H317]. Furthermore, PRP17 was proposed to play a role
in modulation of splicing efficiency, as it is not required for steps 1 and 2 of splicing
but appears to exert a kinetic effect at both reactions [317]. In pre-B**! density for
PRP17 is not observed, while in pre-B**2 a small fragment of PRP17 (aa 114-131) is
wedged between BUD31, RBM22%™ SKIP, and a single-stranded region of U6 snRNA
(Fig. [3.12). This binding site is consistent with that of PRP17 in B**  although in the
latter, PRP17 becomes more stably integrated and forms multiple connections to PPIL1,
U5-40K, and RNF113A (Fig. [4.3) [99]. PPIL1 can catalyze proline isomerization in
PRP17, although this reaction was shown not to be essential for the function of either
component, suggesting that PPIL1 might play more of a supporting than an enzymatic
role in this binary interaction [318]. The ordered domains of PRP17%P40 and several short
a-helices are linked together by intrinsically disordered strands; similar to SKIP, PRP17
has several regions that undergo a gradual disorder-order transition upon integration to
the spliceosome [220]. The presence of a short fragment of PRP17 may suggest that the
cooperativity of this transition may be strongly influenced by the presence of PPILI,
which is absent in both pre-B** structures. However, it is worth noting that both PRP17
and SKIP, two proteins that converge upon PPIL1, already begin to become ordered in

the spliceosome prior to stable integration of PPIL1 (Fig. [3.10)).
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4.4.4 PRP8NTPL SF3B2, SF3A2, and CWC15 closely interact with
U2/U6 RNA at catalytic center

A number of proteins directly surrounding the nascent catalytic center contain domains
that appear to be flexible and therefore unobserved in pre-B®*, yet highly ordered in
B (Fig. . This suggests disorder-order transitions in regions of proteins which are
already docked near the nascent catalytic center in pre-B*t. PRP8N'PL a strand con-
necting the PRP8NTP and PRPS"® domains that wraps around U6 ISL in B**, is not
visualized in either pre-B**" reconstruction (Figs. and . This suggests that the
PRPS8NTPL is initially flexible and becomes stably positioned in later stages of activa-
tion. Furthermore, in B, PRPS8NTPL is sandwiched within a channel formed by the
U6 ISL loop and PLRG1WP4%, In the open conformation of PRPS, as observed in pre-
B?<t, this channel is wider and may not allow for the same protein-protein interactions
between PLRG1WP40 and PRP8NTPL. Thus, conformational change may help to stabi-
lize PRPSNTPL by tightly compacting the channel through which it is threaded, possibly

leading to stabilizing interactions with both the loop of U6 ISL as well as PLRG1WP40,

= /N
pre_BaCt-l

Fig. 4.1: Structuring of proteins surrounding catalytic center during activation. Proteins
that surround the catalytic center in B2“*(right panel; PDB 6FF7) are not yet in place in pre-B<t-!
and pre-B**2 (left, middle panels). Protein or RNA regions that are not yet stabilized in pre-B<t-!
and pre-B**2 are indicated with stippled lines. In B2*, multiple regions of SKIP, PRP8NTPL CWC(C15,
and the U2 snRNP proteins SF3B2 and SF3A2 are stabilized. These same proteins or protein regions
(i.e., PRP8NTPL) " while present in both pre-B2“*"! and pre-B***“2 are not yet stabilized. In contrast,
RNF113A binds only to B*“*and is not detectable in the biochemical preparation of pre-B2“*"! (see Fig.

31D).
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SF3B2 exhibits a short segment (aa 546-562) containing an o-helix (aa 547-559) that is
positioned immediately above the catalytic center in B** (Fig. , but is not visible in
pre-B*“*. This short segment appears to become stabilized in the compact arrangement
of the catalytic center and is positioned immediately alongside the functionally important
U2/U6 helix Ta. Absence of density for this a-helix of SF3B2 may point to involvement
of this domain in protein-RNA and/or protein-protein interactions involved in formation

of the catalytic center.

Stabilization of SF3B2 (aa 546-562) and SF3A2 (aa 1-18) near the catalytic center may
also be partially mediated by RNF113A, which is sandwiched between PRP8F" and
PRP8NTP | where it binds immediately above the U6/5'ss and adjacent to SF3B2 (aa
546-562) and SF3A2 (aa 1-18) (Fig. [1.1)). RNF113A is absent from pre-B**, as its bind-
ing site is occluded by B-specific proteins. Binding of RNF113A may thus contribute not
only to stabilization of SF3B2 and SF3A2 around the catalytic center, but also to the

formation of the catalytic center itself.

SF3A2 also contains an N-terminal strand (aa 1-18) that is stably incorporated into the
core of the spliceosome in later stages of activation, during the pre-B2*"? to B2t transition,
as this region is visible in B2* but not resolved in pre-B**! (Fig. right panel). This
strand winds along the backside of U2/U6 helix Ia and Ib, passes near the U6/5'ss, and
ends near the flipped out U40 nucleotide of U5 loop I. The multiple contacts to the
catalytic center suggest that SF3A2 could be involved in positioning and/or stabilization
of the active site. Flexibility of the SF3A2 N-terminal region may be at least in part
explained by the incomplete docking of the 5 domain of U2 snRNP in pre-B*'*2, as
SF3A2 is associated with U2 snRNP.

In B, CWC15, a member of the NTC, has an N-terminal strand (aa 18-50) that passes
between a gap between PLRG1WP4 and U5 snRNA and contacts the loop of U6 ISL
while forming multiple interactions with the nearby SKIP and RBM22 (Fig. , right
panel). As only farther C-terminal regions of CWC15 could be localized in pre-B**, it

appears that CWC15 undergoes a gradual disorder-order transition as it associates with
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the spliceosome. CWC15 may thereby provide additional stabilization for the docking
of the loop U6 ISL onto PRP8NTP | while potentially contributing to stability of other

protein-protein interactions within NTC and NTR components.

4.5 Protein-guided folding of the U2/U6 RNA-based

catalytic center

4.5.1 Protein-RNA interactions may contribute to rearrangements of

the U6 ISL stem region during activation

The U6 ISL stem region (nts U57-U64 and A70-A78) contains three nucleotides that are
bulged out of the ISL in the B2*: C60, which is contacted by SKIP and SYF3 (Fig. ;
AT73, the function of which is unclear; and U74, which coordinates two divalent metal
ions and interacts with C55 of U6 snRNA and G20 of U2 snRNA to become part of the
triple helix (Fig. [1.9)). These three flipped out nucleotides cause distortions in the 3D
structure of the ISL and likely contribute to its compact arrangement (Fig. |3.18)). Despite
a similar U6 ISL loop region in the pre-B** and B***, the U6 ISL stem exhibits marked
conformational differences in the pre-B**!, pre-B**2 and B** complexes (see Fig. |3.17).
These differences suggest flexibility of the U6 ISL stem region, which may be required for

repositioning of nts C60, A73, and U74.

Rearrangements in U6 ISL are consistent with numerous studies showing alternative con-
formations and base-pairing within the U6 ISL stem region, in particular the nucleotides
C67, A79, and U0 in yeast (C61, A73, and U74 in human) [319-321]. The mid-stem
nucleotides (C67, A79, and U80) undergo conformational transitions in a pH-dependent
manner in vitro; U0 is flipped out of the ISL when A79 is protonated (pH 5.7), but U80
is stacked into the ISL when AT79 is deprotonated (pH 7.0) [319]. Protonation of A79
and the flipping out of USD from the ISL results in disruption of base-pairing between
C67-U80 and the establishment of a wobble interaction between C67-A79 [321]. U80 (U74
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in human) is a functionally important nucleotide that binds two divalent metal ions and
forms part of the catalytically essential triple helix [I28]. Changes in conformation and
base-pairing thus distort the mid-stem region of U6 ISL, while leaving the conformation
and base-pairing of the loop region intact [320]. These studies provided insight into the
dynamics of functionally important, conserved regions in the mid-stem of U6 ISL, but were
all performed in vitro using isolated fragments of U6 snRNA; thus, many intermolecular
interactions with U6 snRNA, as observed within the spliceosome, could not be probed in

such experiments.

In the B** which contains a fully formed catalytic center, both A79 and U80 (A73 and
U74 in human) are flipped out of the ISL [99, 248]. C67 (C61 in human) is stacked into
the ISL, where it base-pairs with G81 (G75 in human), while C66 (C60 in human) is
flipped out of the ISL [99] [248]. C60 (human) is flipped out of the ISL in B** but
exhibits different orientations based on the surrounding protein environment. Between
state 2 and state 8 of B***, repositioning of C60 coincides with the structuring of a flexible
strand of SKIP, leading to an interaction between the SKIP residue P219 and C60 in
state 8 [99]. The structuring of SKIP is also likely mediated by SYF3 and RBM22, to
which SKIP forms numerous contacts. In pre-B2*2, the ISL-interacting region of SKIP
is structured, but is more distant from C60 than in B** due to the open conformation of
PRPS, preventing interaction between P219 of SKIP and C60 of U6 snRNA (Fig. .
While the resolution of the ISL in pre-B*** does not permit detailed analysis whether C60
is stacked into the ISL or is flipped out, it is clear that interaction C60 and SKIP cannot

occur in pre-B**2 due to separation of SKIP and the ISL (Fig. |4.2)).

Flipping out of C66 (C60 in human) and A79 (A73 in human) from the ISL was not
observed in NMR structures of in wvitro assembled U6 ISL, thus implying that these al-
ternative conformations likely occur as a result of protein-RNA or additional RNA-RNA

interactions formed in the spliceosome [319-321].

The mid-stem region of U6 ISL from B*** did not fit well into the density of the pre-B2<*

reconstructions, although the loop region (nts C62-G74) is similar in all three complexes.



102 DISCUSSION

SKIP

RBM224"f

Fig. 4.2: U6-C60 interactions with SKIP, RBM22, SYF3. SKIP, RBM22, and SYF3 are
present in both pre-B2*2 and B2* (PDB 6FF7), yet are farther away from U6 nt C60 in pre-Ba*-2,
Conformational change of PRPS is likely responsible for rearranging this protein-RNA interaction in
B2t but the interaction appears to be primed in pre-B2°*2. SYF3N238 is marked with an asterisk for
orientation.

In particular, the distortions to the helical structure that would be introduced by flip-
ping out of C60, A73, and U74 from the ISL do not appear likely in pre-B*', as these
conformational changes would lead to a more compact form of the ISL. The resolution of
the ISL becomes progressively worse in regions farther from the loop, which is docked to
PRPS8NTPL This lower resolved region corresponds to the mid-stem region, in which the
alternative base-pairing and conformations have been known to occur in vitro, as well as
the lower stem region, which links the ISL to the U2/U6 helix Ib and U2/U6 helix II.
While the exact base-pairing patterns in the U6 ISL of pre-B**! and pre-B***? cannot be
precisely mapped, the more elongated form of the density suggests that A73, U74, and
C60 map be stacked within the ISL, likely resulting in a base-pairing arrangement that is

highly similar to that observed in vitro (see Fig. [3.17) [319].

Conformational dynamics of the U6 ISL between pre-Ba*! and pre-B**2? suggest that
the environment surrounding the ISL may be important for modulating its structure. In
both pre-B** complexes, many proteins that surround the catalytic center in B*** are not
yet in place. WBP11 (see Fig. passes immediately along the phosphate backbone

of A73 and U74 in pre-B*"! preventing these nucleotides from being flipped out of the



4.5 Protein-guided folding of the U2/U6 RNA-based catalytic center 103

ISL. Moreover, this positioning of WBP11 prevents potential interactions between A73
and the 5'ss by separating the U6/5'ss helix and the ISL. However, it is conceivable
that even in the absence of WBP11, A73 and U74 may not be flipped out of the helix
due to the expanded arrangement of the catalytic center, which results from the open
conformation of PRPS8 that separates PRP8"E from PRP8NTP. In pre-B** structures,
the U6/5'ss helix is positioned farther away from the ISL and U2/U6 helix Ib (pre-B*<*-2
only), which would likely prevent the interaction of A73 with G44, A45, and 5'ss even in
the absence of WBP11, as in pre-B**2. This "expanded" configuration of U6/5'ss, the
ISL, and U2/U6 helix Ib also prevents G46 and A47, located one and two nucleotides
downstream of the ACAGA(GA) sequence of U6 snRNA, from interacting with helix Ib
nucleotides to form the catalytic triple helix. In fact, the distance between G46 and the
G54 is approximately 2.5 nm, totally preventing Hoogsteen interactions between these
nucleotides as found in the triple helix. Moreover, U74 must be flipped out of the ISL to
form stacking interactions with G46 as part of the triple helix, and this interaction cannot
occur when U74 and G46 are physically separated. Thus, it is reasonable to speculate
that A73 and U74 are flipped out of the ISL when the RNA network of the spliceosome
is brought into the compact orientation of the B***, but remain either flexible or stacked

into the ISL while PRPS is in an open conformation as in pre-B*°t.

4.5.2 Conformational change of PRP8 allows for the formation of

U2/U6 helix la and subsequently the triple helix

The overall arrangement of the nascent catalytic network could be in part explained by
the positioning of the RNA network onto PRPS, the central scaffold of the spliceosome
(see section . The open conformation of PRPS in pre-B**! separates PRPS"E from
PRP8NTP | onto which the U6/5'ss helix and U2/U6 helix Ib are docked (Figs. and
4.1). Formation of U2/U6 helix Ia as well as the catalytically essential triple-helix are
likely facilitated by the large-scale conformational change of PRPS8, in which removal of

the B-specfic proteins allows for conversion from the open to closed conformation (Fig.
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3.4). The closed conformation of PRPS respositions PRP8"E along with PRP8®T and
PRPS8®", such that these domains are brought into closer proximity with the PRPSNTD,
PRP8HE and the associated CDC5LMYP drive helix Ib closer to the the U6/5'ss helix,
bringing them into contact to allow for the rearrangement of the U6 Ia loop to base-pair
with U2 nts to form U2/U6 helix Ia (Fig. B.18). Stabilization of U2/U6 helix Ia likely
allows for the final steps in the folding of the catalytic center, namely the formation of the
triple helix: U6 ISL stem is rearranged and bases A73 and U74 are flipped out of the ISL
to participate in stacking interactions and triple helix formation, respectively (Fig. [3.17)).
Finally, the PRP8NTPL becomes structured, potentially contributing to stabilization of
the ISL prior to catalysis (Figs. and . Thus a large-scale conformational change
of PRPS8 generates a compact cavity at the core of the spliceosome, allowing for base-
pairing between U74 of U6 ISL, helix Ib, and G46 and A47 one and two nts downstream

of the U6/5ss helix to form the mature catalytic center of the B** (Fig. [3.18§]).
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Fig. 4.3: Assembly pathway of pre-B2°*"1 and pre-B2°*-2 during activation. (A) Protein and
RNA components of the B (PDB 509Z), pre-B<"! | pre-B2<*-2, B2t (unpublished PDB models) complexes
are shown (top-to-bottom). Exchange of protein and RNA components is indicated by the vertical arrow,
with factors that associate to the complex outlined in a box and factors that dissociate from the complex
shown to the left of each arrow. (B) 3D representation of assembly pathway from B to B**. In the top
panel, a hypothetical intermediate BA is shown for clarity. In the bottom panel, states 2 and 4 of Bact
are shown to illustrate the maturation of the B, in which several proteins or additional domains are
stably integrated (PRP17WP40 PPIL1, NTCH®B). From [I31]. Reprinted with permission from AAAS.
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4.6 Further considerations on spliceosome activation

Spliceosome activation constitutes one of the most drastic changes in protein and RNA
inventory during the assembly of the spliceosome, with approximately 32 proteins and
U4 snRNA leaving and at least 28 proteins joining the complex (Fig. . Multiple
remodeling events are required to form the active site, with perhaps the most critical being
the removal of U4 snRNP to allow for refolding of U6 into the catalytic network (Figs.
and . The pre-B**' structures offer many novel insights into this massive change in
spliceosome inventory and configuration, as summarized in Figure While DExD/H-
box ATP-dependent helicases drive many transitions from one complex to another in the
splicing cycle (see section , the driving force between discrete transitions in the

ribonucleoprotein content and architecture of the spliceosome is less well understood.

4.6.1 Energy sources governing pre-B®* transitions

Transitions in the spliceosome assembly pathway are driven in large part by DExD/H-
box ATP-dependent helicases. BRR2’s ATPase activity catalyzes unwinding of the U4/U6
snRNA duplex, liberating from U4 snRNP from the spliceosome and allowing for large-
scale rearrangements and compositional changes in the spliceosome to occur that ulti-
mately result in the formation of B*' (Fig. [1.6). ATP hydrolysis provides a "driving
force" for proceeding from one complex to the next in the splicing cycle, yet it is un-
clear what governs transitions between pre-B2*! and pre-B***2, especially regarding the

dissociation of certain factors and the recruitment of others.

An even greater degree of structural and compositional heterogeneity was documented
in the B“*, of which at least eight unique states were present [99]. Transitions between
states were consistent with previous biochemical studies detailing the assembly of the
spliceosome, suggesting that each structural state represented a "snapshot" en route to
a mature B** complex [99]. Nonetheless, transitions from one state to the next could

not be explained by the energy provided from ATP hydrolysis as there is no known
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ATPase (e.g., an ATP-dependent helicase) that acts between these complexes. The high
degree of heterogeneity in the sample was attributed to stochastic sampling of multiple
conformations, mediated by thermal energy present in the sample prior to crosslinking
and vitrification [99]. In a study of the 70S ribosome, similarly low energy barriers (< 3
kgT) were observed in the energy landscape of the conformational changes of the complex,
explaining that it can sample a variety of kinetic states independent of NTP hydrolysis

[322].

By this logic, one would expect that the pre-B** may also be able to sample a B**
conformation even in the absence of NTP hydrolysis, as GTP and ATP are not present in
the buffer upon chemical crosslinking of the sample. However, this would require at the
very least the dissociation of the B-specific proteins to allow for the closed conformation
of PRP8 and the recruitment of B*** specific factors. While this may indeed occur in
solution, the absence of B*' class averages in the cryo-EM dataset as well as the low
concentration of factors associated with B*' formation suggests that this would at least
be a minor population. Thus, one consequence of spliceosome inhibition by NSC95397
may be a kinetic trapping of the complexes, such that transitions between various states

are slowed down, biasing the energy landscapes toward pre-B*“*-like states.

4.6.2 Directionality of spliceosome activation phase

Steps 1 and 2 (intron lariat formation and exon ligation) of preemRNA splicing are re-
versible, as shown biochemically [117]. It was shown that mRNA can be converted with
high fidelity into pre-mRNA by changing buffer conditions of the purified sample, namely
the salt concentration/type and the pH [I17]. If splicing is reversible, what prevents
"backwards" assembly of the spliceosome? Dissociation of U4 snRNP has been reported
to be essentially irreversible, indicating that following disruption of U4/U6 basepairing
by BRR2 in the B complex, all subsequent complexes will contain only U2, U5, and U6
snRNPs (Fig. [1.6) [323]. Re-integration of U4 snRNP into the spliceosome after acti-

vation was shown to be very unlikely [323]. For U4 snRNP to be fully reintegrated to
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the spliceosome, U6 intramolecular base-pairing and U2/U6 intermolecular base-pairing
would have to be disrupted, likely by a helicase, in order to allow for U4 snRNA to
base-pair with U6 snRNA as in the B complex. Although the composition and molecular
architectures of the pre-B**! and pre-B“*2 strongly suggest that these intermediates are
formed consecutively, it cannot be entirely ruled out that pre-B**! may be a breakdown
product of pre-B**2. Backwards assembly from pre-B**2 to pre-B2*"! would likely re-
quire the replacement of multiple mutually exclusive interactions and the destabilization
of the multiple domains (i.e., such as those of NTC proteins) that become more ordered
from pre-Ba*"! to pre-B2*2. NTC proteins were nonetheless shown to bind reversibly to
the spliceosome, thus backwards assembly from pre-B**2 to pre-B2*"! cannot be entirely
ruled out [324]. The assembly pathway of the pre-B** could be more closely analyzed
by performing a time-series in the incubation of the splicing inhibitor, NSC95397, and
comparing the relative abundances of different protein markers as a function of incubation
time. Another way could be to perform a similar biochemical analysis but as a function

of inhibitor concentration (Fig. [3.1)).

4.6.3 Alternative spliceosome assembly pathways?

Early spliceosome assembly has been reported to proceed not only by the sequential
addition of Ul followed by U2 to the preemRNA, but also U2 followed by Ul binding
[325]. Another report indicated that the NTC complex, which is generally thought to
join the spliceosome during activation (i.e., after the integration of the tri-snRNP), was
recruited to the pre-mRNA via Pol IT CTD prior to the integration of the tri-snRNP
[326]. Both pieces of evidence suggest that in addition to the canonical splicing cycle,
there may be alternative spliceosome assembly pathways at discrete steps of assembly.
This could bring into question whether pre-B*¢* structures assemble in a canonical or an
off-pathway manner. Steps preceding the formation of the pre-B2t! could be initiated
with either Ul or U2 binding the pre-mRNA first, although further experiments would

be required to determine whether this alternative assembly event occurs during pre-B*<!
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formation. Conversely, it appears highly unlikely that the NTC is integrated into the pre-
B2 complex via an alternative pathway, but rather that it joins the spliceosome after tri-
snRNP addition. Comparison of the pre-B** structures strongly suggests that pre-B**! is
a precursor to pre-B%2 as evidenced by the gradual structuring of several proteins of the
NTC (Fig. . Moreover, the temporal ordering of component addition to each structure
is in line with the well established canonical pathway of spliceosome assembly, including
PRP17, the RES complex, the IBC complex, NTR proteins, and other splicing factors such
as SRRM1 (Figs. B.12] B.§ and 3.10) [116], 214, 220, 2211, 223 [225] 276]. Thus while early
events in prespliceosome formation could potentially proceed via an alternative pathway,
it appears unlikely that downstream assembly events proceed noncanonically during pre-
B2“* assembly. Nonetheless, it cannot be entirely ruled out that pre-B2*! is a breakdown

product of pre-B2%2 or that there is an equilibrium between the two complexes.

4.6.4 Possible mechanisms by which the small molecule NSC95397

may stall spliceosome assembly

NSC95397 was identified as an inhibitor of spliceosome assembly in a small molecule screen
[71]. NSC95397 was documented previously to be a CDC25 dual-specificity phosphatase
inhibitor that can bind covalently to cysteine residues [327, 328]. CDC25 is involved in
control of cell cycle checkpoints, but does not have a known target in the spliceosome and
has not been shown to associate with the spliceosome [329]. In a previous study, several
known CDC25 inhibitors were assayed in addition to NSC95397 [71]. Small molecules
containing a similar organic structure of a 1,4-napthoquinone backbone were also shown
to inhibit splicing, although not as potently as NSC95397. Another CDC25 inhibitor
(PM-20) was structurally distinct, not bearing a 1,4-napthoquinone backbone, but did
not inhibit splicing. Moreover, the ICsq of splicing inhibition by NSC95397 is much
higher (50 fold) than that for CDC25 inhibition. Taken together, these results suggested
that stalling of spliceosome assembly by NSC95397 is likely due to a mechanism other
than CDC25 inhibition [71].
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Additional structure activity relationship studies have analyzed quinone-based molecules
in more detail. It was shown that these derivatives alter protein function in two ways: 1)
covalent binding to cysteine residues; 2) production of reactive oxygen species (ROS) that
interfere with protein function by oxidizing reactive side chains, including the thiol moiety
of cysteines [330), B31]. In one case, NSC95397 bound covalently to cysteine residues and
thereby contributed to disruption of protein-protein interactions [328]. NSC95397 was
found to generate HyOs, a type of ROS, in the presence of dithiothreitol (DTT) [332],
illustrating that it is capable of redox cycling. An in vitro study of quinone derivatives
structurally similar to NSC95397 revealed that these compounds inhibited spliceosome
assembly in a dose-dependent manner, but that this block could be partially removed by
addition of DTT [333], which presumably prevents further oxidation of cysteine residues
by ROS. An earlier study showed that the quinone-containing compound, $-lapachone,
generated ROS that stalled snRNP assembly by promoting the formation of disulfide
crosslinks between survival of motor neuron complexes (SMN), which are involved in
the Sm core biosynthesis [334]. Likewise, it was shown that NSC95397 reduces snRNP
assembly in vitro, and this effect was proposed to result from generation of ROS [71].
It was therefore suggested that the main mechanism of splicing inhibition by quinone
derivatives is likely due to ROS-induced oxidation of cysteine residues of one or more
proteins involved in spliceosome assembly, rather than covalent modification of cysteine
residues [250], 333]. Nonetheless, it is conceivable that both of these effects may be at
play. Incubation of splicing reactions with quinone derivatives resulted in accumulation of
spliceosomes stalled at the B complex, suggesting that the target of these small molecules
is likely a factor involved in activation [333]. This is in line with our results with the
pre-B*“*, which is in a precatalytic state and migrates similar to a B complex on a native
agarose gel. However, only upon closer biochemical dissection and structural analysis
does it become evident that the complex has progressed past the B complex en route to

activation.

It has previously been shown that phosphatase inhibition can stall spliceosome assembly

[199]. A cocktail of phosphatase inhibitors was used to stall assembly at the pre-B/B
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complex level, suggesting that dephosphorylation of at least one unidentified target is
required for spliceosome activation [199]. Stalling of spliceosome assembly prior to activa-
tion, induced by small molecule quinone derivatives, may point to a disruption of reversible
protein phosphorylation, perhaps by the inhibition of one or more phosphatases. It is con-
ceivable that NSC95397 may stall spliceosome assembly by preventing dephosphorylation
of trans-acting proteins involved in spliceosome regulation, but not on spliceosome proteins
directly. Alternatively, NSC95397 might exert its effect by preventing dephosphorylation
of one or more yet uncharacterized target(s) bound to the spliceosome, thus blocking splic-
ing catalysis by inhibiting dephosphorylation, or by a combination of both activities. The
B-specific proteins prevent conformational change of PRPS®T/EN domains and therefore
stall the spliceosome prior to activation. Although highly speculative, NSC95397 could
potentially be involved in regulation of this protein exchange, possibly by influencing the
post-translational modifications of the B-specific proteins directly or other proteins which
govern their dissociation from the spliceosome. An examination of the post-translational
modifications of the B-specific proteins before and after incubation with the NSC95397
may be warranted. Alternatively, a more general approach could be taken to profile post-
translational modifications of the global sample proteome with and without incubation
with NSC95397. Potential regulators of such transitions could be purified and supple-
mented to the inhibited splicing reaction, to determine whether they are sufficient to
relieve the assembly block induced by NSC95397. Furthermore, it would be highly inter-
esting to test whether splicing inhibition by NSC95397 can be rescued by DTT, which
would likely indicate that the mechanism by which it inhibits spliceosome assembly is at
least partially through the generation of ROS. However, it may be that NSC95397 exerts
its activity by nonspecific mechanisms and not by selective inhibition of a single target.
Identification of the target(s) of NSC95397 may uncover novel interactions that regulate

spliceosome activation.
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4.7 Classification of dynamic complexes in single particle

cryo-EM

Using image classification techniques, it was possible to identify two distinct macromolec-
ular complexes within a single biochemical purification detailed in this study (Figs.
and [131]. Classification techniques used in single particle cryo-EM are able to sort
for compositional and conformational heterogeneity in a dataset, as well as for fine differ-
ences in portions of a single refined complex, as recently shown for an novel intermediate
state of the human C complex (C;) [335]. However, classification of flexible regions re-
mains a challenging task, the success and specific outcome of which can vary largely
based on many user-defined parameters. Several variables that are likely to vary from
one user to the next include the use and design of masks; selection, modification, and
filtering of the initial reference structure; rotational parameter specification during multi-
body refinement; efficiency of 2D/3D classification; choice of regularization parameter
(T); number of classes; number of iterations; and angular search options. The choice of
software used in image classification and map reconstruction also likely has an impact on
the exact makeup of particles included in the final reconstruction, as well as their angular

assignments determined during refinement steps.

It would be advantageous to have algorithms which remove user-induced bias of which
parts of a macromolecule are “important,” instead determining every possible region of
a complex to the highest possible resolution in an unsupervised manner. Such a method
would be particularly powerful if it could refine multiple regions of a flexible macromolecu-
lar complex without the need for highly variable, user-defined masks as used in multi-body

refinements or focused classifications.

Shortly following publication of the manuscript corresponding to this work, a new algo-
rithm for “nonuniform refinement” of cryo-EM reconstructions was published [336]. In
refinements of macromolecular complexes, poor alignments in flexible regions often worsen

the alignment of the entire reconstruction. While masked refinements partially ameliorate
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this problem, they must be manually defined and they introduce user-specific variability
as well as artifacts at masks interfaces. Nonuniform refinement implements a novel strat-
egy in which different parts of a reconstruction are filtered based on their alignment
accuracy, instead of filtering the entire reconstruction in the same manner. This allows
stable portions to become progressively well aligned without overfitting noisy regions in
the periphery of the complex - all without the introduction of user-implemented masks.
In test cases of publicly available data, nonuniform refinement was shown to improve the
local resolution not only of the centrally located, stable portions of the reconstructions,

but also those within peripheral regions.

A limitation of nonuniform refinement is that it is a refinement step only, and does not per-
form classification of the data into multiple subsets. Thus, nonuniform refinement assumes
that the data has been sufficiently classified to remove compositional and conformational
heterogeneity, even though this is probably not the case for most datasets. Deep learn-
ing approaches have emerged in the last year as novel ways to classify cryo-EM datasets
having high structural heterogeneity, and will likely continue to bring the field closer to a
complete picture of the entire array of structural states sampled by the spliceosome and
other dynamic macromolecular assemblies [337, [338]. In another method to characterize
structural heterogeneity, 3D principal component analysis (PCA) approaches have been
used to calculate energy landscapes of large macromolecules, uncovering heterogeneous
assembly intermediates in single biochemical preparations and mapping them to a Boltz-
mann distribution [99, 167, 339, B40]. In principle, 3D PCA approaches could also be
preceded with unsupervised ab initio structure determination, possibly helping to detect
classes that would otherwise not be properly classified if using only a single reference.
More accurate 3D classifications will lead to reconstructions that are closer to represent-
ing the “ground truth” of a given conformation or composition of a complex, by improving
the homogeneity of the final particle subset to be refined instead of refining small parts

of a heterogeneous mixture of similar structures.

Although cryo-EM studies of the spliceosome and other large biological complexes have

made great strides in determining the molecular architectures of very dynamic samples,
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it is clear that there is substantial room for improvement if atomic or “near atomic”
(e.g., better than 2 A) resolutions are to be reached. Such resolutions will bring cryo-EM
investigations of challenging biochemical samples into the realm of chemistry, at which
point chemical modifications and catalytic mechanisms can be interrogated with accuracy
and precision. Better microscope hardware leading to significant boost in micrograph
quality represent a clear path forward in collecting better raw data [I83] [184]; likewise,
more robust classification methods should be developed to deal with the compositional
and conformational heterogeneity of the spliceosome and other dynamic complexes at high

resolution.



5 Conclusion and Outlook

The work presented herein sought to address two major questions:

o Are there structurally distinct intermediate stages of activation at which formation

of the catalytic center can be observed?

« How do proteins facilitate the folding of active site U2/U6 snRNAs in the spliceo-

some?

By employing a small molecule inhibitor of pre-mRNA splicing, it was possible to stall
spliceosome activation at a previously uncharacterized stage between a precatalytic B
complex and the activated B** complex. Analysis of the single biochemical preparation
uncovered two distinct structural states of the spliceosome — pre-Ba*! and pre-Ba*-2 —
each lacking a mature catalytic center while bearing the U6 ISL. Importantly, our struc-
tures have implications for step-wise formation of the catalytic center’s active site: the
ISL forms first, followed by helix Ib, and ends with formation of helix Ia and subse-
quently the triple helix. The pre-B*! and pre-B2*2 provide the first structural insights
into the ordering by which tertiary interactions of the spliceosome’s catalytic center is

assembled.

Our structures also provided new insights into conformational change, mutually exclusive
protein-protein interactions, and gradual stabilization of numerous proteins which appear
to facilitate the folding of active site U2/U6 snRNAs in the core of the spliceosome.
Both pre-B**! and pre-B*%? surprisingly showed that the central scaffold protein of
the spliceosome, PRPS, remains in an open conformation even as the catalytic center
begins to form. Comparison of our structures to the B** further suggests that the closed
conformation is the final step in the formation of the catalytic center, acting as a "mold"

in which PRP8"® pushes U2/U6 helix Ib towards the U6/5'ss and the ISL, removing the
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spatial restraint between these regions and thus allowing helix Ia and the triple helix to
form. Although mutually-exclusive protein-protein interactions are a well-documented
feature of spliceosome assembly, the pre-B2*! and pre-B#*2 provide the first structural
evidence for several interactions, such as the concomitant exchange of LSm proteins for
SYF3/IBC proteins at U2/U6 helix II; WBP11 docking and helix Ia formation; KIN17
and PRP2 binding to SF3B1. Furthermore, the pre-B**! and pre-B**2 reveal clues as to
the gradual stabilization of multiple protein subcomplexes or groups on the spliceosome,
such as the NTC, NTR, RES, and the IBC. In addition, our structures indicate that
several protein regions are poised for stabilization in B2t (PRP8NTPL SF3B2, SF3A2, and
CWCI15), initially remaining flexible as a possible means of either permitting or guiding
initial refolding U2/U6 snRNAs into the catalytic center. By revealing discrete structural
snapshots of spliceosome activation, we were able to uncover previously uncharacterised
protein-RNA interactions that appear to be part of a concerted process that ensures

proper folding of the catalytic center.

While the pre-B** structures deliver novel snapshots of human spliceosome assembly, they
also bring up new questions that could become topics for future investigation. First, what
is/are the target(s) of the small molecule chemical inhibitor NSC953977 The answer to
this question may uncover hitherto unclarified mechanisms of splicing regulation. Second,
what governs the highly ordered exchange of proteins that have mutually exclusive inter-
actions during activation? Of particular importance in this category are the B-specific
proteins, whose dissociation is an obligate step to allow for PRPS8 closure. Third, are the
protein regions undergoing disorder-order transitions surrounding the catalytic centers
necessary for splicing? Truncation or mutation of residues interacting with the U2/U6
snRNA network would be one means of examining this question in more detail. Fourth,
what is responsible for the apparent structural plasticity of the U6 ISL? Addressing this
question will likely help to clarify studies related to the conformational dynamics of the

ISL, but in the context of the spliceosome instead of an in wvitro, RNA-only system.

It will be essential to examine the formation of the spliceosome’s catalytic center in more

depth and at higher resolutions. Pushing the core of the pre-B**' structures and other
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complexes to sub-2 A resolutions will likely unlock unanticipated structural modalities
that the spliceosome uses to fine-tune the construction of its catalytic center. In addition,
much higher resolutions would enable the modeling of the divalent metal cations coordi-
nated by the phosphate backbone of nucleotides within the catalytic center, as well as

structural water molecules.






A Abbreviations

aa
ATP
BS
BS-A
BSL

cryo-EM

CTD
CTF
DExD/H
DNA
DTT

EM

FSC
GTP

HEAT

IBC
ICs
ISL
kDa
MDa
mRNA

MW

m’G
NMR

amino acid

adenosine triphosphate
branch site

branch site adenosine

branch site stem-loop

cryo electron microscopy
spherical aberration coefficient
C-terminal domain

contrast transfer function
Aspartate-Glutamate-x-Aspartate/Histidine
deoxyribonucleic acid
dithiothreitol

electron microscopy

Fourier Shell Correlation

guanosine triphosphate

Huntingtin, elongation factor 3, PR/A subunit of protein phosphatase

2A and the TOR lipid kinase
Intron Binding Complex

50% inhibitory concentration
internal stem-loop

kilodalton

megadalton

messenger RNA

molecular weight

2,2 7-trimethylguanosine
7-methyl guanosine

nuclear magnetic resonance
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120 ABBREVIATIONS
NTC NineTeen Complex

nt nucleotide

NTD N-terminal domain

NTR NineTeen Complex-Related
PAGE polyacrylamide gel electrophoresis
PCA principal component analysis
PDB Protein Data Bank

Pol polymerase

pre-mRNA precursor mRNA

PSF point spread function

RES Retention and Splicing

RNA ribonucleic acid

RNP ribonucleoprotein

ROS reactive oxygen species

RRM RNA recognition motif
snRNA small nuclear RNA

snRNP small nuclear ribonucleoprotein
SNR signal-to-noise ratio

SR serine-arginine rich

ss splice site

XL-MS cross-linking mass spectrometry
2D two-dimensional

3D

three-dimensional



B Supplementary information

Table B.1: Intermolecular crosslinks. Crosslink analyses by pLink2.3.5 at FDR 1, 3 and 5% are
indicated. Number of CSMs (crosslinked peptide spectrum matches) and highest score are shown for

each peptide.

"Residue 1" and "Residue 2" denote crosslinked residues from Protein 1 and Protein 2.

Crosslink analysis was performed by Dr. Olex Dybkov (Department of Cellular Biochemistry, MPI-BPC)
Henning Urlaub (Bioanalytical Mass Spectrometry, MPI-BPC) (see

in collaboration with Prof. Dr.
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Protein 1 Protein 2 CSMs Scoremax
Name UniProt Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID ID
AQR 060306 PRP19 QIUMS4 759 200 4 9 0.246 0.246
SYF1 Q9HCS7 954 2 10 10 11 0.991 0.991 0.991
BRR2 075643 CBP80 Q09161 1169 65 2 2 0.609 0.609
CDCS5L Q99459 60 170 9 10 10 1.030 1.030 1.030
73 170 2 2 0.353 0.353
83 170 3 3 0.334 0.334
MFAP1 P55081 1142 249 3 7 8 0.516 0.516 0.516
250 27 36 37 1.485 1.485 1.485
256 2 3 4 0.795 0.795 0.795
1145 249 2 3 4 0.963 0.963 0.963
250 14 24 28 1.556 1.556 1.556
256 3 0.454
1146 242 40 41 41 2.453 2.453 2.453
249 13 26 30 0.813 0.813 0.813
250 22 28 30 2.382 2.382 2.382
256 18 18 18 2.300 2.300 2.300
1169 250 2 3 0.335 0.335
256 2 3 0.399 0.399
PQBP1 060828 60 87 2 3 3 1.266 1.266 1.266
73 2 3 3 0.386 0.386
18 2 2 3 1.087 1.087 1.087
85 2 7 7 7 2.323 2.323 2.323
18 2 2 2 2.851 2.851 2.851
103 18 2 2 2 0.950 0.950 0.950
PRPS8 Q6P2Q9 14 1306 2 3 0.548 0.548
73 1994 2 10 11 0.522 0.522 0.522
1039 1636 5 6 0.535 0.535
1659 15 19 20 1.289 1.289 1.289
2049 3 3 3 1.131 1.131 1.131
2070 6 10 10 1.031 1.031 1.031
1049 1866 13 13 13 3.092 3.092 3.092
1984 2 2 2 1.289 1.289 1.289
2070 2 3 3 1.655 1.655 1.655
1141 1636 2 2 1.184 1.184
1146 1636 9 9 9 1.635 1.635 1.635
1649 7 8 8 2.375 2.375 2.375
RED Q13123 1874 520 6 6 6 1.016 1.016 1.016
SMU1 Q2TAY7 971 308 14 17 18 1.051 1.051 1.051
975 308 3 3 3 2.201 2.201 2.201
1544 308 2 2 0.279 0.279
1552 308 31 50 53 1.971 1.971 1.971
1711 308 2 0.450
1715 308 11 15 16 1.197 1.197 1.197
SNU23 QI6NCO 85 70 2 2 2.348 2.348 2.348
479 8 1 4 6 1.354 1.354 1.354
557 8 12 21 24 1.121 1.121 1.121
696 160 4 6 7 0.472 0.472 0.472
729 147 2 0.568
733 138 5 7 7 0.643 0.643 0.643
147 4 5 5 1.856 1.856 1.856
804 8 4 4 4 0.759 0.759 0.759
15 6 8 8 1.189 1.189 1.189
18 2 0.344
TCERG1 014776 60 570 3 5 6 0.683 0.683 0.683
440 634 3 3 1.936 1.936
WBP11 QIY2W2 14 168 5 5 5 0.851 0.851 0.851
60 168 2 4 4 0.754 0.754 0.754
169 4 5 6 1.501 1.501 1.501
85 48 2 0.189
59 2 2 2 2.734 2.734 2.734
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Table B.1 — Continued from previous page

Name UniProt Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID ID
168 2 2 2 14.531 14.531 14.531
BUD13 Q9BRDO PRPS8 Q6P2Q9 65 1831 14 14 14 2.929 2.929 2.929
1840 20 21 21 2.421 2.421 2.421
68 1831 40 43 45 3.605 3.605 3.605
1840 24 24 24 3.027 3.027 3.027
2108 3 3 3 2.055 2.055 2.055
605 1505 2 2 1.180 1.180
SKIP Q13573 605 441 22 23 23 3.246 3.246 3.246
BUD31 P41223 TCERG1 014776 68 711 4 5 0.521 0.521
CBP20 P52298 CBPS&0 Q09161 7 17 8 11 14 0.796 0.796 0.796
37 3 6 0.608 0.608 0.608
67 6 9 14 1.536 1.536 1.536
327 7 13 14 0.719 0.719 0.719
34 20 4 4 5 0.919 0.919 0.919
38 657 3 3 0.751 0.751
67 607 20 31 33 0.932 0.932 0.932
654 3 5 7 0.532 0.532 0.532
657 2 3 0.567 0.567
68 607 124 127 127 3.640 3.640 3.640
78 511 6 6 6 3.174 3.174 3.174
SRSF1 Q07955 7 165 21 22 22 2.728 2.728 2.728
CBP80 Q09161 BRR2 075643 65 1169 2 2 0.609 0.609
CBP20 P52298 17 7 8 11 14 0.796 0.796 0.796
20 34 4 4 5 0.919 0.919 0.919
37 7 3 6 6 0.608 0.608 0.608
67 7 6 9 14 1.536 1.536 1.536
327 7 7 13 14 0.719 0.719 0.719
511 78 6 6 6 3.174 3.174 3.174
607 67 20 31 33 0.932 0.932 0.932
68 124 127 127 3.640 3.640 3.640
654 67 3 5 7 0.532 0.532 0.532
657 38 3 3 0.751 0.751
67 2 3 0.567 0.567
SKIP Q13573 607 503 4 4 4 2.187 2.187 2.187
509 2 3 3 1.072 1.072 1.072
SRSF1 Q07955 17 165 4 4 4 1.131 1.131 1.131
20 165 3 3 3 1.855 1.855 1.855
193 4 5 5 1.189 1.189 1.189
TCERG1 014776 187 756 1 1 1 0.510 0.510 0.510
ZC3H18 Q86VM9 221 319 19 21 22 1.585 1.585 1.585
CCDC12 Q8WUD4 MFAP1 P55081 123 249 3 7 10 0.619 0.619 0.619
250 11 15 19 1.172 1.172 1.172
256 5 11 11 0.818 0.818 0.818
SYF1 Q9HCST 23 532 3 6 6 0.634 0.634 0.634
42 532 5 5 5 1.178 1.178 1.178
94 593 2 2 2 3.169 3.169 3.169
SYF3 Q9BZJO 117 607 3 3 0.700 0.700
126 549 3 4 0.399 0.399
CDC5L Q99459 BRR2 075643 170 60 9 10 10 1.030 1.030 1.030
73 2 2 0.353 0.353
83 3 3 0.334 0.334
CTNNBL1 Q8WYA6 28 56 8 9 9 1.192 1.192 1.192
218 458 3 3 3 2.145 2.145 2.145
CWC15 QYP013 135 152 2 2 0.286 0.286
PLRG1 043660 432 113 2 2 0.336 0.336
522 80 8 9 10 1.157 1.157 1.157
598 31 5 6 7 2.178 2.178 2.178
41 3 3 3 1.493 1.493 1.493
68 2 3 3 1.340 1.340 1.340
601 31 15 15 15 10.025 10.025 10.025
41 2 2 2 0.749 0.749 0.749
62 3 3 3 1.546 1.546 1.546
68 15 16 16 3.260 3.260 3.260
80 3 3 3 16.912 16.912 16.912
708 80 2 3 0.383 0.383
733 135 2 2 1.173 1.173
PPIL2 Q13356 466 507 3 4 4 0.394 0.394 0.394
508 4 4 0.310 0.310
PRP17 060508 200 333 6 12 12 0.566 0.566 0.566
PRP19 QIUMS4 380 244 2 2 2 0.753 0.753 0.753
432 179 2 2 0.693 0.693
244 2 2 0.634 0.634
487 192 7 7 8 2.404 2.404 2.404
522 192 6 6 6 1.479 1.479 1.479
244 4 5 5 0.912 0.912 0.912
570 122 9 23 27 0.675 0.675 0.675
631 122 3 3 3 1.567 1.567 1.567
685 179 2 4 4 0.741 0.741 0.741
192 3 0.257
244 9 9 0.381 0.381
266 2 4 4 0.412 0.412 0.412
718 76 72 76 77 6.685 6.685 6.685
771 244 3 3 0.508 0.508
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782 179 2 2 0.306 0.306
192 5 6 6 1.379 1.379 1.379
244 28 33 34 1.343 1.343 1.343
261 3 3 3 1.265 1.265 1.265
266 10 11 14 0.925 0.925 0.925
795 244 7 8 8 1.168 1.168 1.168
PRPS8 Q6P2Q9 7 892 37 51 52 1.770 1.770 1.770
28 727 29 36 39 1.463 1.463 1.463
SF3A2 Q15428 28 10 5 6 1.289 1.289 1.289
42 9 13 13 1.355 1.355 1.355
SF3B1 075533 76 454 2 2 2 0.887 0.887 0.887
106 454 5 5 5 3.348 3.348 3.348
SF3B6 Q9Y3B4 124 29 26 26 26 9.871 9.871 9.871
SKIP Q13573 28 255 6 9 9 1.319 1.319 1.319
258 16 25 25 1.281 1.281 1.281
47 258 3 6 0.327 0.327
124 311 8 16 19 0.641 0.641 0.641
SPF27 075934 380 168 2 2 3 1.331 1.331 1.331
685 97 6 17 22 0.689 0.689 0.689
686 97 15 17 17 2.361 2.361 2.361
771 177 74 126 151 1.449 1.449 1.449
782 191 8 11 12 1.148 1.148 1.148
SYF1 Q9HCST 294 654 19 19 20 3.245 3.245 3.245
522 532 8 8 8 1.502 1.502 1.502
SYF3 QI9BZJO 466 568 2 0.277
U5-40K Q96DI7 795 270 2 3 5 0.515 0.515 0.515
CTNNBL1 Q8WYA6 CDC5L Q99459 56 28 8 9 9 1.192 1.192 1.192
458 218 3 3 3 2.145 2.145 2.145
CWC15 Q9P013 297 91 3 4 8 0.539 0.539 0.539
372 91 2 3 3 0.823 0.823 0.823
527 18 2 0.250
PPIL2 Q13356 56 90 3 3 4 0.545 0.545 0.545
PRP19 QIUMS4 534 192 4 4 5 2.205 2.205 2.205
PRP8 Q6P2Q9 27 796 16 18 18 3.179 3.179 3.179
31 796 13 13 13 2.264 2.264 2.264
SF3B1 075533 56 6 2 2 2 1.561 1.561 1.561
83 6 6 7 7 2.140 2.140 2.140
84 3 2 0.302
6 12 13 13 1.691 1.691 1.691
91 3 2 2 0.376 0.376
6 6 14 20 2.710 2.710 2.710
95 6 3 3 0.823 0.823
CWC15 QI9P013 CDC5L Q99459 152 135 2 2 0.286 0.286
CTNNBL1 Q8WYA6 18 527 2 0.250
91 297 3 4 8 0.539 0.539 0.539
372 2 3 3 0.823 0.823 0.823
PLRG1 043660 18 363 15 16 16 1.804 1.804 1.804
28 320 3 3 1.764 1.764 1.764
PRPS8 Q6P2Q9 91 1144 2 2 0.317 0.317
199 1158 2 3 4 0.543 0.543 0.543
205 987 3 4 0.379 0.379
RBM22 QINW64 18 76 5 7 7 1.223 1.223 1.223
28 40 3 4 4 0.842 0.842 0.842
SKIP Q13573 18 153 16 16 16 2.622 2.622 2.622
217 1 5 5 0.535 0.535 0.535
28 158 2 2 0.932 0.932
204 2 3 4 0.621 0.621 0.621
217 3 4 5 0.573 0.573 0.573
183 311 2 2 3 0.816 0.816 0.816
ZNF830 Q96NB3 147 26 2 2 0.405 0.405
HNRNPA1l P09651 PHF5A Q7RTVO 15 104 2 2 0.288 0.288
ISY1 QIULRO SF3A1 Q15459 105 30 2 4 4 0.502 0.502 0.502
37 5 6 6 0.664 0.664 0.664
SF3B2 Q13435 101 148 2 2 0.248 0.248
SYF1 Q9HCST 190 2 4 6 6 2.763 2.763 2.763
260 2 2 0.660
U2-A’ P09661 266 193 17 17 17 2.627 2.627 2.627
221 6 6 6 2.095 2.095 2.095
KIN17 060870 MFAP1 P55081 231 67 3 3 3 0.719 0.719 0.719
PRP8 Q6P2Q9 87 2034 2 3 0.280 0.280
SF3B1 075533 271 729 2 2 0.434 0.434
733 3 6 6 7.933 7.933 7.933
SF3B3 Q15393 231 26 13 15 15 1.957 1.957 1.957
296 2 2 2 1.531 1.531 1.531
SNU23 QI6NCO 120 70 3 3 3 2.324 2.324 2.324
LSm2 Q9Y333 PLRG1 043660 88 510 4 5 5 0.915 0.915 0.915
SKIP Q13573 8 236 2 3 4 0.430 0.430 0.430
LSm4 Q9Y47Z0 LSm8 095777 1 28 14 14 14 2.730 2.730 2.730
80 28 7 7 7 3.106 3.106 3.106
LSm6 P62312 PLRG1 043660 2 7 1 1 1 0.472 0.472 0.472
RED Q13123 5 30 6 7 8 1.153 1.153 1.153
77 30 2 0.456
SF3A1 Q15459 5 131 4 4 4 1.310 1.310 1.310
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LSm8 095777 LSm4 Q9Y4Z0 28 1 14 14 14 2.730 2.730 2.730
80 7 7 7 3.106 3.106 3.106
MBPMS2 POAEX9-  PRDPS Q6P2Q9 47 152 2 0.209
r

438 2293 5 17 19 0.472 0.472 0.472
SF3B1 075533 274 656 2 3 3 1.690 1.690 1.690
SF3B2 Q13435 47 448 2 3 3 0.676 0.676 0.676
SmE P62304 278 1 2 0.661
SRRT QIBXP5 103 286 7 8 10 1.052 1.052 1.052
180 286 25 31 40 1.136 1.136 1.136
363 286 4 6 0.357 0.357
U2-A’ P09661 103 192 3 0.191
MFAP1 P55081 BRR2 075643 242 1146 40 41 41 2.453 2.453 2.453
249 1142 3 7 8 0.516 0.516 0.516
1145 2 3 4 0.963 0.963 0.963
1146 13 26 30 0.813 0.813 0.813
250 1142 27 36 37 1.485 1.485 1.485
1145 14 24 28 1.556 1.556 1.556
1146 22 28 30 2.382 2.382 2.382
1169 2 3 0.335 0.335
256 1142 2 3 4 0.795 0.795 0.795
1145 3 0.454
1146 18 18 18 2.300 2.300 2.300
1169 2 3 0.399 0.399
CCDC12 Q8WUD4 249 123 3 7 10 0.619 0.619 0.619
250 123 11 15 19 1.172 1.172 1.172
256 123 5 11 11 0.818 0.818 0.818
KIN17 060870 67 231 3 3 3 0.719 0.719 0.719
PRP8 Q6P2Q9 238 2293 9 14 16 0.848 0.848 0.848
242 1649 25 30 31 1.453 1.453 1.453
2293 46 53 54 2.052 2.052 2.052
249 1649 41 43 46 2.123 2.123 2.123
250 1649 17 17 17 2.174 2.174 2.174
256 1636 2 2 2 0.687 0.687 0.687
1649 2 0.207
SF3B1 075533 9 807 15 15 15 1.516 1.516 1.516
SF3B3 Q15393 67 26 2 2 0.248 0.248
SMU1 Q2TAY7 67 308 17 21 21 1.104 1.104 1.104
SRSF1 Q07955 329 179 13 18 19 1.295 1.295 1.295
SYF1 Q9HCST 285 539 4 4 4 0.809 0.809 0.809
TCERG1 014776 415 878 4 9 10 1.176 1.176 1.176
PHF5A Q7RTVO HNRNPA1 P09651 104 15 2 2 0.288 0.288
SF3B1 075533 108 946 2 2 0.289 0.289
SF3B3 Q15393 13 137 7 9 9 1.464 1.464 1.464
SF3B5 Q9IBWJI5 13 17 6 7 7 1.145 1.145 1.145
PLRG1 043660 CDC5L Q99459 31 598 5 6 7 2.178 2.178 2.178
601 15 15 15 10.025 10.025 10.025
41 598 3 3 3 1.493 1.493 1.493
601 2 2 2 0.749 0.749 0.749
62 601 3 3 3 1.546 1.546 1.546
68 598 2 3 3 1.340 1.340 1.340
601 15 16 16 3.260 3.260 3.260
80 522 8 9 10 1.157 1.157 1.157
601 3 3 3 16.912 16.912 16.912
708 2 3 0.383 0.383
113 432 2 2 0.336 0.336
135 733 2 2 1.173 1.173
CWC15 QIP013 320 28 3 3 3 1.764 1.764 1.764
363 18 15 16 16 1.804 1.804 1.804
LSm2 Q9Y333 510 88 4 5 5 0.915 0.915 0.915
LSm6 P62312 7 2 1 1 1 0.472 0.472 0.472
PPIL1 QIY3C6 62 80 2 3 3 0.573 0.573 0.573
68 80 8 8 9 2.608 2.608 2.608
PRP19 QIUMS4 1 122 14 16 17 1.899 1.899 1.899
244 4 5 5 1.546 1.546 1.546
7 244 2 3 3 1.343 1.343 1.343
PRPS8 Q6P2Q9 268 670 3 9 11 0.584 0.584 0.584
674 2 0.442
320 666 4 8 8 0.978 0.978 0.978
670 24 27 28 1.358 1.358 1.358
RBM22 QINW64 363 40 3 3 3 0.754 0.754 0.754
RED Q13123 320 553 5 5 6 1.345 1.345 1.345
SKIP Q13573 113 81 2 2 2 1.745 1.745 1.745
97 2 2 0.584 0.584
135 97 2 2 3 0.416 0.416 0.416
173 81 3 3 0.710 0.710
97 2 4 4 0.779 0.779 0.779
110 3 4 0.397 0.397
180 97 5 5 5 1.618 1.618 1.618
110 3 3 3 0.500 0.500 0.500
115 3 3 0.423 0.423
122 10 11 12 0.832 0.832 0.832
320 158 35 38 40 2.214 2.214 2.214
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170 2 2 0.323 0.323
363 153 3 4 5 1.083 1.083 1.083
158 14 16 19 1.286 1.286 1.286
396 122 4 6 6 0.731 0.731 0.731
510 110 2 6 7 0.694 0.694 0.694
236 2 2 6 0.421 0.421 0.421
240 5 6 6 0.974 0.974 0.974
SNU114 Q15029 237 602 2 3 4 0.524 0.524 0.524
SPF27 075934 62 136 12 12 13 1.939 1.939 1.939
68 136 11 12 12 3.413 3.413 3.413
80 168 2 2 2 2.075 2.075 2.075
113 168 8 11 12 1.103 1.103 1.103
135 136 2 2 2 1.855 1.855 1.855
168 8 9 9 1.343 1.343 1.343
WBP11 QIY2W2 268 10 4 5 0.649 0.649
PPIE QI9UNP9 SF3A1 Q15459 104 210 2 0.446
PPIL1 QIY3C6 PLRG1 043660 80 62 2 3 3 0.573 0.573 0.573
68 8 8 9 2.608 2.608 2.608
SKIP Q13573 58 81 27 27 27 2.753 2.753 2.753
97 2 4 4 1.204 1.204 1.204
80 193 5 5 5 1.332 1.332 1.332
91 48 3 3 0.308 0.308
158 97 4 7 7 1.290 1.290 1.290
193 2 0.370
SPF27 075934 80 136 8 8 8 2.484 2.484 2.484
168 9 10 10 2.210 2.210 2.210
158 168 2 2 3 0.477 0.477 0.477
U5-40K Q96DI7 80 1 26 33 35 1.630 1.630 1.630
6 6 7 0.430 0.430
8 8 8 8 3.983 3.983 3.983
18 13 13 13 1.974 1.974 1.974
270 2 2 0.245 0.245
275 17 18 18 2.524 2.524 2.524
322 4 4 4 2.753 2.753 2.753
349 3 3 3 1.773 1.773 1.773
PPIL2 Q13356 CDCS5L Q99459 507 466 3 4 4 0.394 0.394 0.394
508 466 4 4 0.310 0.310
CTNNBL1 Q8WYA6 90 56 3 3 4 0.545 0.545 0.545
PRPS8 Q6P2Q9 226 727 9 9 9 1.925 1.925 1.925
230 727 6 10 10 0.649 0.649 0.649
231 727 9 10 10 1.226 1.226 1.226
245 727 5 5 5 8.264 8.264 8.264
SF3A2 Q15428 418 91 2 2 2 0.699 0.699 0.699
SF3B1 075533 90 6 3 3 3 1.154 1.154 1.154
SKIP Q13573 277 240 2 2 0.292 0.292
SYF3 QI9BZJO 460 445 2 0.354
462 445 8 8 12 0.858 0.858 0.858
485 2 3 3 0.483 0.483 0.483
490 569 2 3 0.531 0.531
602 1 2 2 0.510 0.510 0.510
ZNF830 QI6NB3 313 228 8 8 8 1.629 1.629 1.629
234 29 30 32 2.622 2.622 2.622
450 228 5 7 9 1.095 1.095 1.095
234 5 5 5 2.125 2.125 2.125
454 228 2 3 3 0.679 0.679 0.679
460 234 3 3 0.544 0.544
462 228 4 4 4 1.222 1.222 1.222
234 1 0.637
PPP1CA P62136 PPP1RS8 Q12972 26 78 2 3 4 0.545 0.545 0.545
129 3 3 4 1.094 1.094 1.094
234 3 4 4 0.882 0.882 0.882
305 234 6 7 7 0.796 0.796 0.796
PPP1RS8 Q12972 PPP1CA P62136 78 26 2 3 4 0.545 0.545 0.545
129 26 3 3 4 1.094 1.094 1.094
234 26 3 4 4 0.882 0.882 0.882
305 6 7 7 0.796 0.796 0.796
SF3A1 Q15459 234 115 3 3 3 0.758 0.758 0.758
SNU23 QI6NCO 334 155 6 9 9 1.503 1.503 1.503
167 3 3 3 1.039 1.039 1.039
WBP11 QIY2W2 234 610 1 1 0.291 0.291
PQBP1 060828 BRR2 075643 2 73 3 3 0.386 0.386
85 7 7 7 2.323 2.323 2.323
18 73 2 2 3 1.087 1.087 1.087
85 2 2 2 2.851 2.851 2.851
103 2 2 2 0.950 0.950 0.950
87 60 2 3 3 1.266 1.266 1.266
PRP8 Q6P2Q9 2 1831 36 45 49 2.057 2.057 2.057
WBP11 QIY2W2 2 168 2 2 2 1.542 1.542 1.542
18 168 4 4 4 9.348 9.348 9.348
169 2 2 2 1.262 1.262 1.262
87 168 3 3 0.836 0.836
169 8 9 9 1.887 1.887 1.887
PRP17 060508 CDC5L Q99459 333 200 6 12 12 0.566 0.566 0.566
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PRP8 Q6P2Q9 151 29 2 2 2 0.550 0.550 0.550
551 2034 5 5 5 1.881 1.881 1.881
PRP19 QIUMS4 AQR 060306 200 759 4 9 0.246 0.246
CDC5L Q99459 76 718 72 76 77 6.685 6.685 6.685
122 570 9 23 27 0.675 0.675 0.675
631 3 3 3 1.567 1.567 1.567
179 432 2 2 0.693 0.693
685 2 4 4 0.741 0.741 0.741
782 2 2 0.306 0.306
192 487 7 7 8 2.404 2.404 2.404
522 6 6 6 1.479 1.479 1.479
685 3 0.257
782 5 6 6 1.379 1.379 1.379
244 380 2 2 2 0.753 0.753 0.753
432 2 2 0.634 0.634
522 4 5 5 0.912 0.912 0.912
685 9 9 0.381 0.381
771 3 3 0.508 0.508
782 28 33 34 1.343 1.343 1.343
795 7 8 8 1.168 1.168 1.168
261 782 3 3 3 1.265 1.265 1.265
266 685 2 4 4 0.412 0.412 0.412
782 10 11 14 0.925 0.925 0.925
CTNNBL1 Q8WYA6 192 534 4 4 5 2.205 2.205 2.205
PLRG1 043660 122 1 14 16 17 1.899 1.899 1.899
244 1 4 5 5 1.546 1.546 1.546
7 2 3 3 1.343 1.343 1.343
SF3A1 Q15459 266 2 2 2 2 1.516 1.516 1.516
SmD2 P62316 192 51 3 9 9 1.241 1.241 1.241
SPF27 075934 76 85 3 6 6 2.109 2.109 2.109
122 168 8 8 8 1.841 1.841 1.841
179 168 18 20 20 2.075 2.075 2.075
192 168 14 15 15 3.667 3.667 3.667
218 3 3 3 0.664 0.664 0.664
244 47 10 10 10 1.851 1.851 1.851
168 41 47 49 2.180 2.180 2.180
177 4 4 8 1.370 1.370 1.370
191 2 2 2 0.972 0.972 0.972
218 8 14 15 0.750 0.750 0.750
265 168 2 2 0.335 0.335
266 47 3 3 3 1.336 1.336 1.336
168 16 16 16 3.048 3.048 3.048
218 2 0.290
SYF1 Q9HCST 266 708 3 4 4 0.992 0.992 0.992
U5-40K Q96DI7 122 226 2 3 0.555 0.555
270 6 9 0.451 0.451
275 17 17 18 1.655 1.655 1.655
179 1 2 2 0.608 0.608 0.608
192 270 3 4 0.457 0.457
275 21 22 22 3.772 3.772 3.772
244 1 2 2 0.588 0.588
275 17 17 17 1.749 1.749 1.749
266 275 2 2 0.596 0.596
425 275 3 4 0.286 0.286
ZC3H18 Q86VM9 179 918 9 10 10 2.517 2.517 2.517
921 7 7 7 1.175 1.175 1.175
PRP38 Q8NAV1 RBM22 QINW64 7 170 3 3 3 0.822 0.822 0.822
SNU23 QI6NCO 7 39 2 3 3 1.154 1.154 1.154
45 19 41 47 1.083 1.083 1.083
102 26 33 37 2.767 2.767 2.767
50 132 5 6 0.407 0.407
92 123 2 2 0.843 0.843
PRP4B Q13523 ZC3H18 Q86VM9 99 933 2 2 2 0.956 0.956 0.956
948 26 34 42 1.058 1.058 1.058
952 32 42 45 1.825 1.825 1.825
117 936 34 35 35 2.034 2.034 2.034
PRP8 Q6P2Q9 BRR2 075643 1306 14 2 3 0.548 0.548
1636 1039 5 6 0.535 0.535
1141 2 2 1.184 1.184
1146 9 9 9 1.635 1.635 1.635
1649 1146 7 8 8 2.375 2.375 2.375
1659 1039 15 19 20 1.289 1.289 1.289
1866 1049 13 13 13 3.092 3.092 3.092
1984 1049 2 2 2 1.289 1.289 1.289
1994 73 2 10 11 0.522 0.522 0.522
2049 1039 3 3 3 1.131 1.131 1.131
2070 1039 6 10 10 1.031 1.031 1.031
1049 2 3 3 1.655 1.655 1.655
BUD13 Q9BRDO 1505 605 2 2 1.180 1.180
1831 65 14 14 14 2.929 2.929 2.929
68 40 43 45 3.605 3.605 3.605
1840 65 20 21 21 2.421 2.421 2.421
68 24 24 24 3.027 3.027 3.027
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2108 68 3 3 3 2.055 2.055 2.055

CDCS5L Q99459 727 28 29 36 39 1.463 1.463 1.463
892 7 37 51 52 1.770 1.770 1.770

CTNNBL1 Q8WYA6 796 27 16 18 18 3.179 3.179 3.179
31 13 13 13 2.264 2.264 2.264

CWC15 Q9P013 987 205 3 4 0.379 0.379
1144 91 2 2 0.317 0.317

1158 199 2 3 4 0.543 0.543 0.543

KIN17 060870 2034 87 2 3 0.280 0.280
MBPMS2 POAEX9- 452 a7 2 0.209

r

2293 438 5 17 19 0.472 0.472 0.472

MFAP1 P55081 1636 256 2 2 2 0.687 0.687 0.687
1649 242 25 30 31 1.453 1.453 1.453

249 41 43 46 2.123 2.123 2.123

250 17 17 17 2.174 2.174 2.174

256 2 0.207

2293 238 9 14 16 0.848 0.848 0.848

242 46 53 54 2.052 2.052 2.052

PLRG1 043660 666 320 4 8 8 0.978 0.978 0.978
670 268 3 9 11 0.584 0.584 0.584

320 24 27 28 1.358 1.358 1.358

674 268 2 0.442

PPIL2 Q13356 27 226 9 9 9 1.925 1.925 1.925
230 6 10 10 0.649 0.649 0.649

231 9 10 10 1.226 1.226 1.226

245 5 5 5 8.264 8.264 8.264

PQBP1 060828 1831 2 36 45 49 2.057 2.057 2.057
PRP17 060508 29 151 2 2 2 0.550 0.550 0.550
2034 551 5 5 5 1.881 1.881 1.881

RED Q13123 666 541 1 1 0.300 0.300
670 534 11 15 15 1.554 1.554 1.554

541 1 8 12 0.532 0.532 0.532

544 3 5 0.935 0.935

553 4 6 0.394 0.394

674 534 2 4 0.402 0.402

553 2 0.203

746 520 9 10 10 2.787 2.787 2.787

553 4 4 1.725 1.725 1.725

774 520 11 13 13 1.085 1.085 1.085

1020 520 38 41 42 2.572 2.572 2.572

1958 191 2 0.321

194 3 0.527

198 3 3 3 0.919 0.919 0.919

SF3A2 Q15428 769 10 13 17 19 1.256 1.256 1.256
853 10 2 2 1.348 1.348

892 10 2 3 3 1.144 1.144 1.144

SF3B1 075533 837 80 3 3 3 3.101 3.101 3.101
81 3 3 3 3.159 3.159 3.159

892 468 6 6 6 1.909 1.909 1.909

1222 80 3 3 3 1.957 1.957 1.957

1505 943 3 3 0.251 0.251

1838 1008 2 2 0.543 0.543

1958 963 14 15 15 1.837 1.837 1.837

1008 2 2 2 3.511 3.511 3.511

1978 1014 6 12 12 1.542 1.542 1.542

1984 1014 3 3 0.682 0.682

2034 1008 5 9 9 1.559 1.559 1.559

SF3B2 Q13435 892 894 3 4 0.340 0.340
1020 891 2 2 0.319 0.319

1801 790 8 8 8 1.529 1.529 1.529

815 21 21 21 3.426 3.426 3.426

1958 815 2 3 3 17.629 17.629 17.629

1993 857 4 8 9 0.577 0.577 0.577

870 2 0.573

877 2 2 0.336 0.336

SF3B3 Q15393 1958 1191 3 4 1.151 1.151
SKIP Q13573 666 158 19 39 50 0.968 0.968 0.968
217 7 7 8 0.918 0.918 0.918

670 158 2 5 5 0.561 0.561 0.561

702 236 22 26 26 2.128 2.128 2.128

246 2 2 0.704 0.704

705 246 2 8 10 0.481 0.481 0.481

258 2 0.292

721 255 1 2 0.269 0.269

727 258 2 2 2 2.103 2.103 2.103

266 2 4 10 0.701 0.701 0.701

774 258 3 3 3 1.190 1.190 1.190

796 255 2 0.352

258 21 21 22 3.650 3.650 3.650

266 6 28 35 0.592 0.592 0.592

847 416 5 6 6 1.083 1.083 1.083

892 266 6 7 0.687 0.687
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1020 255 2 3 0.230 0.230
258 12 16 17 1.700 1.700 1.700
1344 441 38 39 39 4.538 4.538 4.538
452 13 14 15 3.912 3.912 3.912
456 6 6 6 2.045 2.045 2.045
1505 441 17 18 18 1.648 1.648 1.648
SMU1 Q2TAY7 1801 107 14 14 15 1.600 1.600 1.600
1838 107 2 3 0.285 0.285
2108 107 27 32 33 2.317 2.317 2.317
SNU114 Q15029 218 405 23 27 28 3.670 3.670 3.670
409 2 4 0.623 0.623
366 341 2 2 2 1.012 1.012 1.012
358 2 0.252 0.252
359 62 66 67 2.466 2.466 2.466
796 64 4 4 4 15.455 15.455 15.455
SNU23 QI6NCO 1838 70 9 17 17 0.683 0.683 0.683
2031 70 3 3 3 3.525 3.525 3.525
2034 70 49 50 50 3.906 3.906 3.906
TCERG1 014776 1210 1024 6 16 23 0.768 0.768 0.768
U5-40K Q96DI7 29 286 22 22 22 2.107 2.107 2.107
36 286 2 3 5 2.014 2.014 2.014
43 286 29 44 50 2.810 2.810 2.810
50 131 2 2 1.633 1.633
349 11 11 11 7.715 7.715 7.715
WBP11 QIY2W2 674 10 3 3 0.307 0.307
13 3 3 0.598 0.598
746 10 5 8 9 0.983 0.983 0.983
774 10 2 2 0.351 0.351
13 2 4 4 1.084 1.084 1.084
2031 51 5 11 0.570 0.570
2034 48 4 5 0.343 0.343
51 8 9 0.360 0.360
ZC3H18 Q86VM9 366 499 2 2 2 0.913 0.913 0.913
500 6 9 11 0.807 0.807 0.807
510 2 2 0.310 0.310
RBM22 QINW64 CWC15 Q9P013 40 28 3 4 4 0.842 0.842 0.842
76 18 5 7 7 1.223 1.223 1.223
PLRG1 043660 40 363 3 3 3 0.754 0.754 0.754
PRP38 Q8NAV1 170 7 3 3 3 0.822 0.822 0.822
SKIP Q13573 40 153 2 2 2 1.302 1.302 1.302
158 4 7 8 0.666 0.666 0.666
170 3 0.194
78 217 1 2 0.386 0.386
104 193 2 2 2 1.020 1.020 1.020
109 193 3 4 0.883 0.883
114 193 13 18 19 1.559 1.559 1.559
139 193 2 7 9 0.799 0.799 0.799
149 193 2 3 4 0.815 0.815 0.815
286 81 7 8 8 3.029 3.029 3.029
SNU23 QI6NCO 76 8 2 2 0.534 0.534
149 15 2 2 2 2.532 2.532 2.532
158 15 2 5 5 0.627 0.627 0.627
RED Q13123 BRR2 075643 520 1874 6 6 6 1.016 1.016 1.016
LSm6 P62312 30 5 6 7 8 1.153 1.153 1.153
7 2 0.456
PLRG1 043660 553 320 5 5 6 1.345 1.345 1.345
PRP8 Q6P2Q9 191 1958 2 0.321
194 1958 3 0.527
198 1958 3 3 3 0.919 0.919 0.919
520 746 9 10 10 2.787 2.787 2.787
774 11 13 13 1.085 1.085 1.085
1020 38 41 42 2.572 2.572 2.572
534 670 11 15 15 1.554 1.554 1.554
674 2 4 0.402 0.402
541 666 1 1 0.300 0.300
670 1 8 12 0.532 0.532 0.532
544 670 3 5 0.935 0.935
553 670 4 6 0.394 0.394
674 2 0.203
746 4 4 4 1.725 1.725 1.725
SF3B1 075533 112 943 3 3 0.281 0.281
137 816 2 4 0.285 0.285
SF3B2 Q13435 78 547 6 8 8 1.041 1.041 1.041
870 6 8 8 1.860 1.860 1.860
83 547 6 7 7 1.881 1.881 1.881
SF3B3 Q15393 209 1191 4 5 5 0.422 0.422 0.422
SKIP Q13573 520 258 2 2 2 0.904 0.904 0.904
544 217 2 2 0.317 0.317
SMU1 Q2TAY7 191 107 3 4 4 0.858 0.858 0.858
194 107 21 24 24 1.402 1.402 1.402
197 107 3 3 3 1.895 1.895 1.895
198 107 10 12 12 2.382 2.382 2.382
209 337 2 2 0.330 0.330
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331 107 3 3 3 0.787 0.787 0.787
WBP11 QIY2W2 534 10 4 5 5 1.069 1.069 1.069
SF3A1 Q15459 ISY1 Q9ULRO 30 105 2 4 4 0.502 0.502 0.502
37 105 5 6 6 0.664 0.664 0.664
LSm6 P62312 131 5 4 4 4 1.310 1.310 1.310
PPIE QIUNP9 210 104 2 0.446
PPP1RS8 Q12972 115 234 3 3 3 0.758 0.758 0.758
PRP19 QIUMS4 2 266 2 2 2 1.516 1.516 1.516
SF3A2 Q15428 131 204 2 0.570
258 101 7 10 10 0.661 0.661 0.661
259 101 2 4 5 0.486 0.486 0.486
264 101 2 2 0.517 0.517
190 5 8 8 0.939 0.939 0.939
SF3A3 Q12874 131 29 5 7 0.363 0.363
201 4 4 6 2.130 2.130 2.130
212 2 3 3 0.657 0.657 0.657
219 6 15 20 0.790 0.790 0.790
188 89 47 61 67 1.810 1.810 1.810
92 119 186 204 2.107 2.107 2.107
251 29 11 18 19 2.407 2.407 2.407
258 29 21 27 30 1.869 1.869 1.869
259 29 7 9 10 0.631 0.631 0.631
SF3B2 Q13435 210 275 3 5 7 0.660 0.660 0.660
217 275 3 5 0.325 0.325
SRRT QIBXP5 399 286 2 4 0.280 0.280
SYF1 QI9HCST7 2 708 5 5 5 1.492 1.492 1.492
55 549 11 11 11 1.613 1.613 1.613
U2-A’ P09661 188 193 18 18 18 3.097 3.097 3.097
221 10 10 10 2.230 2.230 2.230
223 205 2 8 11 0.421 0.421 0.421
WBP11 QIY2W2 102 610 15 29 31 1.682 1.682 1.682
614 4 7 7 0.502 0.802 0.802
105 610 3 3 0.478 0.478
614 9 11 11 1.115 1.115 1.115
115 599 2 2 2 1.264 1.264 1.264
610 23 29 30 1.198 1.198 1.198
614 20 20 20 2.278 2.278 2.278
626 2 2 2 2.172 2.172 2.172
131 610 4 4 4 0.781 0.781 0.781
614 4 4 4 1.208 1.208 1.208
626 2 2 2 1.057 1.057 1.057
SF3A2 Q15428 CDCS5L Q99459 10 28 5 6 6 1.289 1.289 1.289
42 28 9 13 13 1.355 1.355 1.355
PPIL2 Q13356 91 418 2 2 2 0.699 0.699 0.699
PRP8 Q6P2Q9 10 769 13 17 19 1.256 1.256 1.256
853 2 2 1.348 1.348
892 2 3 3 1.144 1.144 1.144
SF3A1 Q15459 101 258 7 10 10 0.661 0.661 0.661
259 2 4 5 0.486 0.486 0.486
264 2 2 0.517 0.517
190 264 5 8 8 0.939 0.939 0.939
204 131 2 0.570
SF3A3 Q12874 76 390 4 6 6 0.918 0.918 0.918
91 390 24 26 26 1.591 1.591 1.591
SF3B1 075533 10 454 8 8 8 2.086 2.086 2.086
496 3 4 0.804 0.804
499 2 4 6 0.473 0.473 0.473
SF3B2 Q13435 10 543 6 8 9 0.923 0.923 0.923
547 5 5 5 0.999 0.999 0.999
556 6 8 11 0.492 0.492 0.492
560 3 0.319
563 2 2 0.784 0.784
604 2 2 3 0.641 0.641 0.641
216 268 12 13 16 1.458 1.458 1.458
275 6 6 6 1.296 1.296 1.296
SF3B4 Q15427 190 183 2 2 0.308 0.308
SF3B6 QIY3B4 10 29 2 2 2 1.603 1.603 1.603
105 3 5 6 0.786 0.786 0.786
106 6 6 6 0.875 0.875 0.875
116 3 5 7 0.672 0.672 0.672
SKIP Q13573 10 258 7 7 7 0.931 0.931 0.931
WBP11 QIY2W2 118 556 27 36 38 2.024 2.024 2.024
557 32 53 59 0.733 0.733 0.733
565 31 79 103 0.719 0.719 0.719
SF3A3 Q12874 SF3A1 Q15459 29 131 5 7 0.363 0.363
251 11 18 19 2.407 2.407 2.407
258 21 27 30 1.869 1.869 1.869
259 7 9 10 0.631 0.631 0.631
89 188 47 61 67 1.810 1.810 1.810
92 188 119 186 204 2.107 2.107 2.107
201 131 4 4 6 2.130 2.130 2.130
212 131 2 3 3 0.657 0.657 0.657
219 131 6 15 20 0.790 0.790 0.790
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SF3A2 Q15428 390 76 4 6 6 0.918 0.918 0.918
91 24 26 26 1.591 1.591 1.591
SF3B2 Q13435 69 280 37 49 57 3.963 3.963 3.963
461 486 4 6 9 0.477 0.477 0.477
SF3B3 Q15393 463 1074 35 81 100 0.824 0.824 0.824
466 984 3 3 0.488 0.488
1074 32 59 66 0.840 0.840 0.840
496 974 3 8 10 0.678 0.913 0.913
U2-A’ P09661 64 179 4 4 4 1.268 1.268 1.268
193 2 3 3 1.758 1.758 1.758
69 56 2 2 2 1.204 1.204 1.204
179 31 32 32 3.188 3.188 3.188
92 193 4 5 5 0.961 0.961 0.961
97 30 95 101 103 25.397 25.397 25.397
U2-B" P08579 97 57 3 5 5 0.721 0.721 0.721
463 103 5 0.209
SF3B1 075533 CDC5L Q99459 454 76 2 2 2 0.887 0.887 0.887
106 5 5 5 3.348 3.348 3.348
CTNNBL1 Q8WYA6 3 84 2 0.302
91 2 2 0.376 0.376
6 56 2 2 2 1.561 1.561 1.561
83 6 7 7 2.140 2.140 2.140
84 12 13 13 1.691 1.691 1.691
91 6 14 20 2.710 2.710 2.710
95 3 3 0.823 0.823
KIN17 060870 729 271 2 2 0.434 0.434
733 271 3 6 6 7.933 7.933 7.933
MBPMS2 POAEX9- 656 274 2 3 3 1.690 1.690 1.690
r
MFAP1 P55081 807 9 15 15 15 1.516 1.516 1.516
PHF5A Q7RTVO 946 108 2 2 0.289 0.289
PPIL2 Q13356 6 90 3 3 3 1.154 1.154 1.154
PRP8 Q6P2Q9 80 837 3 3 3 3.101 3.101 3.101
1222 3 3 3 1.957 1.957 1.957
81 837 3 3 3 3.159 3.159 3.159
468 892 6 6 6 1.909 1.909 1.909
943 1505 3 3 0.251 0.251
963 1958 14 15 15 1.837 1.837 1.837
1008 1838 2 2 0.543 0.543
1958 2 2 2 3.511 3.511 3.511
2034 5 9 9 1.559 1.559 1.559
1014 1978 6 12 12 1.542 1.542 1.542
1984 3 3 0.682 0.682
RED Q13123 816 137 2 4 0.285 0.285
943 112 3 3 0.281 0.281
SF3A2 Q15428 454 10 8 8 8 2.086 2.086 2.086
496 10 3 4 0.804 0.804
499 10 2 4 6 0.473 0.473 0.473
SF3B2 Q13435 1025 556 2 0.375
870 8 10 0.454 0.454
1086 857 12 12 12 4.584 4.584 4.584
1292 486 4 15 18 0.739 0.739 0.739
SF3B3 Q15393 513 137 8 9 9 1.406 1.406 1.406
SF3B5 QIBWJI5 513 17 24 29 30 1.205 1.205 1.205
SF3B6 QIY3B4 80 7 2 2 1.369 1.369
81 7 9 12 13 1.222 1.222 1.222
175 116 3 0.204
195 116 3 4 0.315 0.315
413 29 4 4 4 1.077 1.077 1.077
430 7 10 11 14 1.245 1.245 1.245
41 6 6 6 2.306 2.306 2.306
454 29 26 28 31 3.790 3.790 3.790
866 7 13 15 15 1.892 1.892 1.892
943 41 17 31 32 0.994 0.994 0.994
946 41 6 6 0.488 0.488
SKIP Q13573 81 317 3 3 3 1.297 1.297 1.297
319 2 3 3 1.183 1.183 1.183
323 2 2 2 1.539 1.539 1.539
943 441 1 1 1 0.414 0.414 0.414
SNIP1 Q8TADS8 816 216 1 1 0.572 0.572
TCERG1 014776 1 794 1 0.184
U2-A’ P09661 175 193 2 2 0.263 0.263
SF3B2 Q13435 ISY1 Q9ULRO 148 101 2 2 0.248 0.248
MBPMS2 POAEX9- 448 47 2 3 3 0.676 0.676 0.676
r

PRPS8 Q6P2Q9 790 1801 8 8 8 1.529 1.529 1.529
815 1801 21 21 21 3.426 3.426 3.426
1958 2 3 3 17.629 17.629 17.629
857 1993 4 8 9 0.577 0.577 0.577
870 1993 2 0.573
877 1993 2 2 0.336 0.336
891 1020 2 2 0.319 0.319
894 892 3 4 0.340 0.340
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RED Q13123 547 78 6 8 8 1.041 1.041 1.041
83 6 7 7 1.881 1.881 1.881
870 78 6 8 8 1.860 1.860 1.860
SF3A1 Q15459 275 210 3 5 7 0.660 0.660 0.660
217 3 5 0.325 0.325
SF3A2 Q15428 268 216 12 13 16 1.458 1.458 1.458
275 216 6 6 6 1.296 1.296 1.296
543 10 6 8 9 0.923 0.923 0.923
547 10 5 5 5 0.999 0.999 0.999
556 10 6 8 11 0.492 0.492 0.492
560 10 3 0.319
563 10 2 2 0.784 0.784
604 10 2 2 3 0.641 0.641 0.641
SF3A3 Q12874 280 69 37 49 57 3.963 3.963 3.963
486 461 4 6 9 0.477 0.477 0.477
SF3B1 075533 486 1292 4 15 18 0.739 0.739 0.739
556 1025 2 0.375
857 1086 12 12 12 4.584 4.584 4.584
870 1025 8 10 0.454 0.454
SF3B3 Q15393 604 1074 29 46 47 0.996 0.996 0.996
605 1074 42 44 44 2.110 2.110 2.110
SF3B5 QIBWI5 486 82 3 6 0.711 0.711 0.711
SmB P14678 320 57 16 17 20 1.609 1.609 1.609
SmD2 P62316 387 6 3 3 0.273 0.273
8 2 2 2 2.907 2.907 2.907
SYF3 Q9BZJO 556 229 7 11 11 1.150 1.150 1.150
U2-A’ P09661 280 179 3 5 7 0.628 0.628 0.628
191 2 0.203
193 16 17 18 2.415 2.415 2.415
320 172 2 3 3 0.433 0.433 0.433
U2-B" P08579 352 111 4 7 7 0.931 0.931 0.931
WBP11 QIY2W2 556 98 5 5 6 0.484 0.484 0.484
105 3 7 8 0.643 0.643 0.643
SF3B3 Q15393 KIN17 060870 26 231 13 15 15 1.957 1.957 1.957
296 231 2 2 2 1.531 1.531 1.531
MFAP1 P55081 26 67 2 2 0.248 0.248
PHF5A Q7RTVO 137 13 7 9 9 1.464 1.464 1.464
PRPS8 Q6P2Q9 1191 1958 3 4 1.151 1.151
RED Q13123 1191 209 4 5 5 0.422 0.422 0.422
SF3A3 Q12874 974 496 3 8 10 0.678 0.913 0.913
984 466 3 3 0.488 0.488
1074 463 35 81 100 0.824 0.824 0.824
466 32 59 66 0.840 0.840 0.840
SF3B1 075533 137 513 8 9 9 1.406 1.406 1.406
SF3B2 Q13435 1074 604 29 46 47 0.996 0.996 0.996
605 42 44 44 2.110 2.110 2.110
SF3B5 Q9BWJ5 137 17 43 62 67 4.104 4.104 4.104
SF3B4 Q15427 SF3A2 Q15428 183 190 2 2 0.308 0.308
SF3B5 Q9IBWJI5 PHF5A Q7RTVO 17 13 6 7 7 1.145 1.145 1.145
SF3B1 075533 17 513 24 29 30 1.205 1.205 1.205
SF3B2 Q13435 82 486 3 6 6 0.711 0.711 0.711
SF3B3 Q15393 17 137 43 62 67 4.104 4.104 4.104
SF3B6 Q9Y3B4 CDCS5L Q99459 29 124 26 26 26 9.871 9.871 9.871
SF3A2 Q15428 29 10 2 2 2 1.603 1.603 1.603
105 10 3 5 6 0.786 0.786 0.786
106 10 6 6 6 0.875 0.875 0.875
116 10 3 5 7 0.672 0.672 0.672
SF3B1 075533 7 80 2 2 1.369 1.369
81 9 12 13 1.222 1.222 1.222
430 10 11 14 1.245 1.245 1.245
866 13 15 15 1.892 1.892 1.892
29 413 4 4 4 1.077 1.077 1.077
454 26 28 31 3.790 3.790 3.790
41 430 6 6 6 2.306 2.306 2.306
943 17 31 32 0.994 0.994 0.994
946 6 6 0.488 0.488
116 175 3 0.204
195 3 4 0.315 0.315
SKIP Q13573 BUDI13 Q9BRDO 441 605 22 23 23 3.246 3.246 3.246
CBP80 Q09161 503 607 4 4 4 2.187 2.187 2.187
509 607 2 3 3 1.072 1.072 1.072
CDC5L Q99459 255 28 6 9 9 1.319 1.319 1.319
258 28 16 25 25 1.281 1.281 1.281
47 3 6 0.327 0.327
311 124 8 16 19 0.641 0.641 0.641
CWC15 Q9P013 153 18 16 16 16 2.622 2.622 2.622
158 28 2 2 0.932 0.932
204 28 2 3 4 0.621 0.621 0.621
217 18 1 5 5 0.535 0.535 0.535
28 3 4 5 0.573 0.573 0.573
311 183 2 2 3 0.816 0.816 0.816
LSm2 Q9Y333 236 8 2 3 4 0.430 0.430 0.430
PLRG1 043660 81 113 2 2 2 1.745 1.745 1.745
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173 3 3 0.710 0.710
97 113 2 2 0.584 0.584
135 2 2 3 0.416 0.416 0.416
173 2 4 4 0.779 0.779 0.779
180 5 5 5 1.618 1.618 1.618
110 173 3 4 0.397 0.397
180 3 3 3 0.500 0.500 0.500
510 2 6 7 0.694 0.694 0.694
115 180 3 3 0.423 0.423
122 180 10 11 12 0.832 0.832 0.832
396 4 6 6 0.731 0.731 0.731
153 363 3 4 5 1.083 1.083 1.083
158 320 35 38 40 2.214 2.214 2.214
363 14 16 19 1.286 1.286 1.286
170 320 2 2 0.323 0.323
236 510 2 2 6 0.421 0.421 0.421
240 510 5 6 6 0.974 0.974 0.974
PPIL1 QIY3C6 48 91 3 3 0.308 0.308
81 58 27 27 27 2.753 2.753 2.753
97 58 2 4 4 1.204 1.204 1.204
158 4 7 7 1.290 1.290 1.290
193 80 5 5 5 1.332 1.332 1.332
158 2 0.370
PPIL2 Q13356 240 277 2 2 0.292 0.292
PRP8 Q6P2Q9 158 666 19 39 50 0.968 0.968 0.968
670 2 5 5 0.561 0.561 0.561
217 666 7 7 8 0.918 0.918 0.918
236 702 22 26 26 2.128 2.128 2.128
246 702 2 2 0.704 0.704
705 2 8 10 0.481 0.481 0.481
255 721 1 2 0.269 0.269
796 2 0.352
1020 2 3 0.230 0.230
258 705 2 0.292
727 2 2 2 2.103 2.103 2.103
774 3 3 3 1.190 1.190 1.190
796 21 21 22 3.650 3.650 3.650
1020 12 16 17 1.700 1.700 1.700
266 727 2 4 10 0.701 0.701 0.701
796 6 28 35 0.592 0.592 0.592
892 6 7 0.687 0.687
416 847 5 6 6 1.083 1.083 1.083
441 1344 38 39 39 4.538 4.538 4.538
1505 17 18 18 1.648 1.648 1.648
452 1344 13 14 15 3.912 3.912 3.912
456 1344 6 6 6 2.045 2.045 2.045
RBM22 QINW64 81 286 7 8 8 3.029 3.029 3.029
153 40 2 2 2 1.302 1.302 1.302
158 40 4 7 8 0.666 0.666 0.666
170 40 3 0.194
193 104 2 2 2 1.020 1.020 1.020
109 3 4 0.883 0.883
114 13 18 19 1.559 1.559 1.559
139 2 7 9 0.799 0.799 0.799
149 2 3 4 0.815 0.815 0.815
217 78 1 2 0.386 0.386
RED Q13123 217 544 2 2 0.317 0.317
258 520 2 2 2 0.904 0.904 0.904
SF3A2 Q15428 258 10 7 7 7 0.931 0.931 0.931
SF3B1 075533 317 81 3 3 3 1.297 1.297 1.297
319 81 2 3 3 1.183 1.183 1.183
323 81 2 2 2 1.539 1.539 1.539
441 943 1 1 1 0.414 0.414 0.414
SNIP1 Q8TADS8 323 355 5 10 12 0.663 0.663 0.663
339 342 32 43 49 1.789 1.789 1.789
353 2 2 2 1.637 1.637 1.637
355 21 24 24 1.528 1.528 1.528
344 342 8 18 23 0.547 0.547 0.547
379 342 5 11 12 0.735 0.735 0.735
SYF3 QIBZJO 23 388 2 2 2 1.679 1.679 1.679
U5-40K Q96DI7 48 275 4 4 4 2.240 2.240 2.240
322 5 6 6 1.276 1.276 1.276
81 18 5 6 6 1.837 1.837 1.837
275 6 6 6 2.195 2.195 2.195
97 18 2 3 3 0.691 0.691 0.691
322 2 2 2 1.031 1.031 1.031
110 18 1 2 2 0.560 0.560 0.560
153 349 6 7 10 1.331 1.331 1.331
170 349 2 3 0.850 0.850
193 1 7 9 9 2.990 2.990 2.990
SmB P14678 SF3B2 Q13435 57 320 16 17 20 1.609 1.609 1.609
SmD1 P62314 5 41 6 10 0.421 0.421
8 41 14 16 16 1.298 1.298 1.298
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SmD3 P62318 88 84 2 4 4 0.729 0.729 0.729
87 2 0.225
SmD1 P62314 SmB P14678 41 5 6 10 0.421 0.421
8 14 16 16 1.298 1.298 1.298
U5-40K Q96DI7 86 226 2 2 3 0.520 0.520 0.520
SmD2 P62316 PRP19 QIUMS4 51 192 3 9 9 1.241 1.241 1.241
SF3B2 Q13435 6 387 3 3 0.273 0.273
8 387 2 2 2 2.907 2.907 2.907
SmF P62306 8 8 20 21 23 1.581 1.581 1.581
18 8 7 7 7 1.539 1.539 1.539
SNU114 Q15029 6 352 1 5 7 0.378 0.378 0.378
SmD3 P62318 SmB P14678 84 88 2 4 4 0.729 0.729 0.729
87 88 2 0.225
U2-B" P08579 84 93 3 3 3 1.443 1.443 1.443
101 2 0.290
SmE P62304 MBPMS2 POAEX9- 1 278 2 0.661
T

SmG P62308 12 10 2 6 0.351 0.351
15 2 4 4 0.679 0.679 0.679
SmF P62306 SmD2 P62316 8 8 20 21 23 1.581 1.581 1.581
18 7 7 7 1.539 1.539 1.539
SmG P62308 SmE P62304 10 12 2 6 0.351 0.351
15 12 2 4 4 0.679 0.679 0.679
SMU1 Q2TAY7 BRR2 075643 308 971 14 17 18 1.051 1.051 1.051
975 3 3 3 2.201 2.201 2.201
1544 2 2 0.279 0.279
1552 31 50 53 1.971 1.971 1.971
1711 2 0.450
1715 11 15 16 1.197 1.197 1.197
MFAP1 P55081 308 67 17 21 21 1.104 1.104 1.104
PRPS8 Q6P2Q9 107 1801 14 14 15 1.600 1.600 1.600
1838 2 3 0.285 0.285
2108 27 32 33 2.317 2.317 2.317
RED Q13123 107 191 3 4 4 0.858 0.858 0.858
194 21 24 24 1.402 1.402 1.402
197 3 3 3 1.895 1.895 1.895
198 10 12 12 2.382 2.382 2.382
331 3 3 3 0.787 0.787 0.787
337 209 2 2 0.330 0.330
SNIP1 Q8TADS8 SF3B1 075533 216 816 1 1 0.572 0.572
SKIP Q13573 342 339 32 43 49 1.789 1.789 1.789
344 8 18 23 0.547 0.547 0.547
379 5 11 12 0.735 0.735 0.735
353 339 2 2 2 1.637 1.637 1.637
355 323 5 10 12 0.663 0.663 0.663
339 21 24 24 1.528 1.528 1.528
SNU114 Q15029 PLRG1 043660 602 237 2 3 4 0.524 0.524 0.524
PRPS8 Q6P2Q9 64 796 4 4 4 15.455 15.455 15.455
341 366 2 2 2 1.012 1.012 1.012
358 366 2 4 0.252 0.252
359 366 62 66 67 2.466 2.466 2.466
405 218 23 27 28 3.670 3.670 3.670
409 218 2 4 0.623 0.623
SmD2 P62316 352 6 1 5 7 0.378 0.378 0.378
TCERG1 014776 914 992 5 6 6 1.894 1.894 1.894
963 992 2 0.782
ZC3H18 Q86VM9 244 510 4 6 8 0.795 0.795 0.795
359 500 2 2 0.547 0.547
694 510 2 3 0.636 0.636
SNU23 QI6NCO BRR2 075643 8 479 4 6 1.354 1.354 1.354
557 12 21 24 1.121 1.121 1.121
804 4 4 4 0.759 0.759 0.759
15 804 6 8 8 1.189 1.189 1.189
18 804 2 0.344
70 85 2 2 2 2.348 2.348 2.348
138 733 5 7 7 0.643 0.643 0.643
147 729 2 0.568
733 4 5 5 1.856 1.856 1.856
160 696 4 6 7 0.472 0.472 0.472
KIN17 060870 70 120 3 3 3 2.324 2.324 2.324
PPP1R8 Q12972 155 334 6 9 9 1.503 1.503 1.503
167 334 3 3 3 1.039 1.039 1.039
PRP38 Q8NAV1 39 7 2 3 3 1.154 1.154 1.154
45 7 19 41 A7 1.083 1.083 1.083
102 7 26 33 37 2.767 2.767 2.767
123 92 2 2 0.843 0.843
132 50 5 6 0.407 0.407
PRP8 Q6P2Q9 70 1838 9 17 17 0.683 0.683 0.683
2031 3 3 3 3.525 3.525 3.525
2034 49 50 50 3.906 3.906 3.906
RBM22 QINW64 8 76 2 2 0.534 0.534
15 149 2 2 2 2.532 2.532 2.532
158 2 5 5 0.627 0.627 0.627
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U5-40K Q96DI7 136 8 1 2 0.235 0.235
WBP11 QIY2W2 8 169 2 2 0.377 0.377
45 76 4 7 8 1.092 1.092 1.092
70 48 4 6 0.325 0.325
59 2 2 2 3.695 3.695 3.695
102 76 18 23 23 2.737 2.737 2.737
SPF27 075934 CDC5L Q99459 97 685 6 17 22 0.689 0.689 0.689
686 15 17 17 2.361 2.361 2.361
168 380 2 2 3 1.331 1.331 1.331
177 771 74 126 151 1.449 1.449 1.449
191 782 8 11 12 1.148 1.148 1.148
PLRG1 043660 136 62 12 12 13 1.939 1.939 1.939
68 11 12 12 3.413 3.413 3.413
135 2 2 2 1.855 1.855 1.855
168 80 2 2 2 2.075 2.075 2.075
113 8 11 12 1.103 1.103 1.103
135 8 9 9 1.343 1.343 1.343
PPIL1 QIY3C6 136 80 8 8 8 2.484 2.484 2.484
168 80 9 10 10 2.210 2.210 2.210
158 2 2 3 0.477 0.477 0.477
PRP19 QIUMS4 47 244 10 10 10 1.851 1.851 1.851
266 3 3 3 1.336 1.336 1.336
85 76 3 6 6 2.109 2.109 2.109
168 122 8 8 8 1.841 1.841 1.841
179 18 20 20 2.075 2.075 2.075
192 14 15 15 3.667 3.667 3.667
244 41 47 49 2.180 2.180 2.180
265 2 2 0.335 0.335
266 16 16 16 3.048 3.048 3.048
177 244 4 4 8 1.370 1.370 1.370
191 244 2 2 2 0.972 0.972 0.972
218 192 3 3 3 0.664 0.664 0.664
244 8 14 15 0.750 0.750 0.750
266 2 0.290
SRRM1 Q8IYB3 97 217 2 2 0.321 0.321
U5-40K Q96DI7 168 8 5 5 5 2.865 2.865 2.865
18 3 4 4 0.756 0.756 0.756
226 6 8 8 1.298 1.298 1.298
270 6 9 10 0.617 0.617 0.617
275 43 46 47 3.253 3.253 3.253
322 3 3 3 1.409 1.409 1.409
177 275 2 5 6 1.211 1.211 1.211
SRRM1 Q8IYB3 SPF27 075934 217 97 2 2 0.321 0.321
SRRT Q9BXP5  MBPMS2 POAEXO- 286 103 7 S 10 1.052 1.052 1.052
r

180 25 31 40 1.136 1.136 1.136
363 4 6 0.357 0.357
SF3A1 Q15459 286 399 2 4 0.280 0.280
ZC3H18 Q86VM9 723 211 3 3 0.488 0.488
730 188 3 4 0.324 0.324
744 188 2 3 3 1.091 1.091 1.091
SRSF1 Q07955 CBP20 P52298 165 7 21 22 22 2.728 2.728 2.728
CBP8&0 Q09161 165 17 4 4 4 1.131 1.131 1.131
20 3 3 3 1.855 1.855 1.855
193 20 4 5 5 1.189 1.189 1.189
MFAP1 P55081 179 329 13 18 19 1.295 1.295 1.295
TCERG1 014776 179 1016 4 6 0.488 0.488
1024 2 3 3 0.691 0.691 0.691
UBL5 Q9BZL1 179 1 2 1.037
SYF1 Q9HCS7 AQR 060306 2 954 10 10 11 0.991 0.991 0.991
CCDC12 Q8WUD4 532 23 3 6 6 0.634 0.634 0.634
42 5 5 5 1.178 1.178 1.178
593 94 2 2 2 3.169 3.169 3.169
CDC5L Q99459 532 522 8 8 8 1.502 1.502 1.502
654 294 19 19 20 3.245 3.245 3.245
ISY1 QIULRO 2 190 4 6 6 2.763 2.763 2.763
260 2 0.660
MFAP1 P55081 539 285 4 4 4 0.809 0.809 0.809
PRP19 Q9UMS4 708 266 3 4 4 0.992 0.992 0.992
SF3A1 Q15459 549 55 11 11 11 1.613 1.613 1.613
708 2 5 5 5 1.492 1.492 1.492
SYF3 Q9BZJO 482 388 25 30 34 1.075 1.075 1.075
427 2 3 4 0.607 0.607 0.607
475 2 3 4 0.691 0.691 0.691
U2-A’ P09661 2 205 5 6 6 1.644 1.644 1.644
50 193 5 6 0.368 0.368
ZNF830 Q96NB3 482 279 5 9 9 0.851 0.851 0.851
654 216 7 7 7 2.416 2.416 2.416
SYF3 QIBZJO CCDC12 Q8WUD4 549 126 3 4 0.399 0.399
607 117 3 3 0.700 0.700
CDC5L Q99459 568 466 2 0.277
PPIL2 Q13356 445 460 2 0.354
462 8 8 12 0.858 0.858 0.858
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485 462 2 3 3 0.483 0.483 0.483
569 490 2 3 0.531 0.531
602 490 1 2 2 0.510 0.510 0.510
SF3B2 Q13435 229 556 7 11 11 1.150 1.150 1.150
SKIP Q13573 388 23 2 2 2 1.679 1.679 1.679
SYF1 QIHCS7 388 482 25 30 34 1.075 1.075 1.075
427 482 2 3 4 0.607 0.607 0.607
475 482 2 3 4 0.691 0.691 0.691
ZNF830 QI6NB3 445 228 3 4 4 0.587 0.587 0.587
234 14 15 15 2.437 2.437 2.437
460 234 9 12 15 1.573 1.573 1.573
475 234 1 4 6 0.670 0.670 0.670
TCERG1 014776 BRR2 075643 570 60 3 5 6 0.683 0.683 0.683
634 440 3 3 1.936 1.936
BUD31 P41223 711 68 4 5 0.521 0.521
CBP80 Q09161 756 187 1 1 1 0.510 0.510 0.510
MFAP1 P55081 878 415 4 9 10 1.176 1.176 1.176
PRP8 Q6P2Q9 1024 1210 6 16 23 0.768 0.768 0.768
SF3B1 075533 794 1 1 0.184
SNU114 Q15029 992 914 5 6 6 1.894 1.894 1.894
963 2 0.782
SRSF1 Q07955 1016 179 4 6 0.488 0.488
1024 179 2 3 3 0.691 0.691 0.691
U2-B" P08579 495 109 5 6 0.271 0.271
634 108 1 1 1 0.490 0.490 0.490
109 2 2 0.816 0.816
WBP11 QIY2W2 570 169 2 2 2 2.062 2.062 2.062
ZC3H18 Q86VM9 895 510 2 2 0.391 0.391
1016 622 3 4 4 0.802 0.802 0.802
U2-A’ P09661 ISY1 QIULRO 193 266 17 17 17 2.627 2.627 2.627
221 266 6 6 6 2.095 2.095 2.095
MBPMS2 POAEX9- 192 103 3 0.191
T

SF3A1 Q15459 193 188 18 18 18 3.097 3.097 3.097
205 223 2 8 11 0.421 0.421 0.421
221 188 10 10 10 2.230 2.230 2.230
SF3A3 Q12874 30 97 95 101 103 25.397 25.397 25.397
56 69 2 2 2 1.204 1.204 1.204
179 64 4 4 4 1.268 1.268 1.268
69 31 32 32 3.188 3.188 3.188
193 64 2 3 3 1.758 1.758 1.758
92 4 5 5 0.961 0.961 0.961
SF3B1 075533 193 175 2 2 0.263 0.263
SF3B2 Q13435 172 320 2 3 3 0.433 0.433 0.433
179 280 3 5 7 0.628 0.628 0.628
191 280 2 0.203
193 280 16 17 18 2.415 2.415 2.415
SYF1 Q9HCST 193 50 5 6 0.368 0.368
205 2 5 6 6 1.644 1.644 1.644
U2-B" P08579 30 111 2 2 2 1.466 1.466 1.466
U2-B" P08579 SF3A3 Q12874 57 97 3 5 5 0.721 0.721 0.721
103 463 5 0.209
SF3B2 Q13435 111 352 4 7 7 0.931 0.931 0.931
SmD3 P62318 93 84 3 3 3 1.443 1.443 1.443
101 84 2 0.290
TCERG1 014776 108 634 1 1 1 0.490 0.490 0.490
109 495 5 6 0.271 0.271
634 2 2 0.816 0.816
U2-A’ P09661 111 30 2 2 2 1.466 1.466 1.466
U5-40K Q96DI7 CDC5L Q99459 270 795 2 3 5 0.515 0.515 0.515
PPIL1 Q9IY3C6 1 80 26 33 35 1.630 1.630 1.630
6 80 6 7 0.430 0.430
8 80 8 8 8 3.983 3.983 3.983
18 80 13 13 13 1.974 1.974 1.974
270 80 2 2 0.245 0.245
275 80 17 18 18 2.524 2.524 2.524
322 80 4 4 4 2.753 2.753 2.753
349 80 3 3 3 1.773 1.773 1.773
PRP19 QIUMS4 1 179 2 2 2 0.608 0.608 0.608
244 2 2 0.588 0.588
226 122 2 3 0.555 0.555
270 122 6 9 0.451 0.451
192 3 4 0.457 0.457
275 122 17 17 18 1.655 1.655 1.655
192 21 22 22 3.772 3.772 3.772
244 17 17 17 1.749 1.749 1.749
266 2 2 0.596 0.596
425 3 4 0.286 0.286
PRP8 Q6P2Q9 131 50 2 2 1.633 1.633
286 29 22 22 22 2.107 2.107 2.107
36 2 3 5 2.014 2.014 2.014
43 29 44 50 2.810 2.810 2.810
349 50 11 11 11 7.715 7.715 7.715
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SKIP Q13573 1 193 7 9 9 2.990 2.990 2.990
18 81 5 6 6 1.837 1.837 1.837
97 2 3 3 0.691 0.691 0.691
110 1 2 2 0.560 0.560 0.560
275 48 4 4 4 2.240 2.240 2.240
81 6 6 6 2.195 2.195 2.195
322 48 5 6 6 1.276 1.276 1.276
97 2 2 2 1.031 1.031 1.031
349 153 6 7 10 1.331 1.331 1.331
170 2 3 0.850 0.850
SmD1 P62314 226 86 2 2 3 0.520 0.520 0.520
SNU23 QI6NCO 8 136 1 2 0.235 0.235
SPF27 075934 8 168 5 5 5 2.865 2.865 2.865
18 168 3 4 4 0.756 0.756 0.756
226 168 6 8 8 1.298 1.298 1.298
270 168 6 9 10 0.617 0.617 0.617
275 168 43 46 47 3.253 3.253 3.253
177 2 5 6 1.211 1.211 1.211
322 168 3 3 3 1.409 1.409 1.409
UBL5 Q9BZL1 SRSF1 Q07955 1 179 2 1.037
WBP11 QIY2W2 BRR2 075643 48 85 2 0.189
59 85 2 2 2 2.734 2.734 2.734
168 14 5 5 5 0.851 0.851 0.851
60 2 4 4 0.754 0.754 0.754
85 2 2 2 14.531 14.531 14.531
169 60 4 5 6 1.501 1.501 1.501
PLRG1 043660 10 268 4 5 0.649 0.649
PPP1RS8 Q12972 610 234 1 1 0.291 0.291
PQBP1 060828 168 2 2 2 2 1.542 1.542 1.542
18 4 4 4 9.348 9.348 9.348
87 3 3 0.836 0.836
169 18 2 2 2 1.262 1.262 1.262
87 8 9 9 1.887 1.887 1.887
PRP8 Q6P2Q9 10 674 3 3 0.307 0.307
746 5 8 9 0.983 0.983 0.983
774 2 2 0.351 0.351
13 674 3 3 0.598 0.598
774 2 4 4 1.084 1.084 1.084
48 2034 4 5 0.343 0.343
51 2031 5 11 0.570 0.570
2034 8 9 0.360 0.360
RED Q13123 10 534 4 5 5 1.069 1.069 1.069
SF3A1 Q15459 599 115 2 2 1.264 1.264 1.264
610 102 15 29 31 1.682 1.682 1.682
105 3 3 0.478 0.478
115 23 29 30 1.198 1.198 1.198
131 4 4 4 0.781 0.781 0.781
614 102 4 7 7 0.502 0.802 0.802
105 9 11 11 1.115 1.115 1.115
115 20 20 20 2.278 2.278 2.278
131 4 4 4 1.208 1.208 1.208
626 115 2 2 2 2.172 2.172 2.172
131 2 2 2 1.057 1.057 1.057
SF3A2 Q15428 556 118 27 36 38 2.024 2.024 2.024
557 118 32 53 59 0.733 0.733 0.733
565 118 31 79 103 0.719 0.719 0.719
SF3B2 Q13435 98 556 5 5 6 0.484 0.484 0.484
105 556 3 7 8 0.643 0.643 0.643
SNU23 QI6NCO 48 70 4 6 0.325 0.325
59 70 2 2 2 3.695 3.695 3.695
76 45 4 7 8 1.092 1.092 1.092
102 18 23 23 2.737 2.737 2.737
169 8 2 2 0.377 0.377
TCERG1 014776 169 570 2 2 2 2.062 2.062 2.062
ZC3H18 Q86VM9 CBP8&0 Q09161 319 221 19 21 22 1.585 1.585 1.585
PRP19 QIUMS4 918 179 9 10 10 2.517 2.517 2.517
921 179 7 7 7 1.175 1.175 1.175
PRP4B Q13523 933 99 2 2 2 0.956 0.956 0.956
936 117 34 35 35 2.034 2.034 2.034
948 99 26 34 42 1.058 1.058 1.058
952 99 32 42 45 1.825 1.825 1.825
PRP8 Q6P2Q9 499 366 2 2 2 0.913 0.913 0.913
500 366 6 9 11 0.807 0.807 0.807
510 366 2 2 0.310 0.310
SNU114 Q15029 500 359 2 2 0.547 0.547
510 244 4 6 8 0.795 0.795 0.795
694 2 3 0.636 0.636
SRRT QIBXP5 188 730 3 4 0.324 0.324
744 2 3 3 1.091 1.091 1.091
211 723 3 3 0.488 0.488
TCERG1 014776 510 895 2 2 0.391 0.391
622 1016 3 4 4 0.802 0.802 0.802
ZNF830 QI96NB3 CWC15 Q9P013 26 147 2 2 0.405 0.405
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PPIL2 Q13356 228 313 8 8 8 1.629 1.629 1.629

450 5 7 9 1.095 1.095 1.095

454 2 3 3 0.679 0.679 0.679

462 4 4 4 1.222 1.222 1.222

234 313 29 30 3 2.622 2.622 2.622

450 5 5 5 2.125 2.125 2.125

460 3 3 0.544 0.544

462 1 0.637

SYF1 QI9HCST 216 654 7 7 7 2.416 2.416 2.416

279 482 5 9 9 0.851 0.851 0.851

SYF3 Q9BZJO 228 445 3 4 4 0.587 0.587 0.587

234 445 14 15 15 2.437 2.437 2.437

460 9 12 15 1.573 1.573 1.573

475 1 4 6 0.670 0.670 0.670

Table B.2: Intramolecular crosslinks. Crosslink analyses by pLink2.3.5 at FDR 1, 3 and 5% are
indicated. Number of CSMs (crosslinked peptide spectrum matches) and highest score are shown for
each peptide. "Residue 1" and "Residue 2" denote crosslinked residues within a single protein. A sin-
gle crosslinking experiment was performed and analyzed with mass spectrometry using three technical
replicates. Crosslink analysis was performed by Dr. Olex Dybkov (Department of Cellular Biochem-
istry, MPI-BPC) in collaboration with Prof. Dr. Henning Urlaub (Bioanalytical Mass Spectrometry,

MPI-BPC) (see 2.2.6).

Protein CSMs Scoremax
Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID

AQR 060306 8 29 5 5 5 1.817 1.817 1.817
36 5 5 5 2.105 2.105 2.105

52 2 4 0.795 0.795

56 19 20 21 2.489 2.489 2.489

29 8 5 5 5 1.817 1.817 1.817
36 8 5 5 5 2.105 2.105 2.105
38 13 13 13 3.099 3.099 3.099

115 4 5 5 0.643 0.643 0.643

37 115 3 4 4 0.960 0.960 0.960
38 36 13 13 13 3.099 3.099 3.099
114 28 28 28 3.227 3.227 3.227

115 4 6 6 1.250 1.250 1.250

52 8 2 4 0.795 0.795
56 8 19 20 21 2.489 2.489 2.489
63 15 15 15 1.854 1.854 1.854

63 56 15 15 15 1.854 1.854 1.854
114 38 28 28 28 3.227 3.227 3.227
115 36 4 5 5 0.643 0.643 0.643
37 3 4 4 0.960 0.960 0.960

38 4 6 6 1.250 1.250 1.250

188 201 6 6 6 1.864 1.864 1.864
189 195 3 3 3 1.993 1.993 1.993
192 195 50 55 55 3.037 3.037 3.037
202 2 2 2 0.733 0.733 0.733

762 13 13 13 1.549 1.549 1.549

195 189 3 3 3 1.993 1.993 1.993
192 50 55 55 3.037 3.037 3.037

202 45 47 47 5.718 5.718 5.718

201 188 6 6 6 1.864 1.864 1.864
202 192 2 2 2 0.733 0.733 0.733
195 45 47 47 5.718 5.718 5.718

206 493 2 3 3 1.509 1.509 1.509
228 246 35 36 36 1.711 1.711 1.711
246 228 35 36 36 1.711 1.711 1.711
493 206 2 3 3 1.509 1.509 1.509
558 1045 2 3 3 1.166 1.166 1.166
1051 56 60 60 4.214 4.214 4.214

662 1045 2 2 0.462 0.462
759 762 19 20 20 1.238 1.238 1.238
760 762 2 2 2 0.909 0.909 0.909
762 192 13 13 13 1.549 1.549 1.549
759 19 20 20 1.238 1.238 1.238

760 2 2 0.909 0.909 0.909

796 865 19 23 23 2.213 2.213 2.213
890 5 8 8 1.276 1.276 1.276

1003 2 2 2 0.795 0.795 0.795

865 796 19 23 23 2.213 2.213 2.213
890 796 5 8 8 1.276 1.276 1.276
1003 796 2 2 2 0.795 0.795 0.795
1025 1045 8 8 8 2.229 2.229 2.229
1051 6 6 6 2.263 2.263 2.263
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1045 558 2 3 3 1.166 1.166 1.166
662 2 2 0.462 0.462

1025 8 8 8 2.229 2.229 2.229

1051 75 77 7 2.850 2.850 2.850

1051 558 56 60 60 4.214 4.214 4.214
1025 6 6 6 2.263 2.263 2.263

1045 75 77 7 2.850 2.850 2.850

1234 1256 8 11 11 1.164 1.164 1.164
1256 1234 8 11 11 1.164 1.164 1.164
BRR2 075643 1 1711 2 2 0.225 0.225
14 46 38 39 39 3.985 3.985 3.985
55 30 34 34 1.935 1.935 1.935

60 28 28 28 2.908 2.908 2.908

73 9 10 10 1.822 1.822 1.822

83 5 5 5 2.027 2.027 2.027

85 5 5 5 2.679 2.679 2.679

151 3 3 3 0.635 0.635 0.635

349 2 2 2 2.321 2.321 2.321

1874 3 3 3 1.291 1.291 1.291

46 14 38 39 39 3.985 3.985 3.985
55 93 101 101 1.853 1.853 1.853

60 129 137 137 3.400 3.400 3.400

73 3 3 3 2.184 2.184 2.184

1603 3 3 3 1.432 1.432 1.432

55 14 30 34 34 1.935 1.935 1.935
46 93 101 101 1.853 1.853 1.853

60 122 130 130 1.998 1.998 1.998

70 7 9 10 0.802 0.802 0.802

83 8 8 8 2.137 2.137 2.137

103 9 9 9 1.088 1.088 1.088

107 2 2 2 0.893 0.893 0.893

60 14 28 28 28 2.908 2.908 2.908
46 129 137 137 3.400 3.400 3.400

55 122 130 130 1.998 1.998 1.998

70 20 23 23 1.292 1.292 1.292

73 24 25 25 2.330 2.330 2.330

83 13 13 14 1.757 1.757 1.757

103 4 4 4 2.294 2.294 2.294

107 8 13 13 1.385 1.385 1.385

155 2 2 1.082 1.082

70 55 7 9 10 0.802 0.802 0.802
60 20 23 23 1.292 1.292 1.292

83 2 2 2 0.617 0.617 0.617

155 2 2 0.620 0.620

73 14 9 10 10 1.822 1.822 1.822
46 3 3 3 2.184 2.184 2.184

60 24 25 25 2.330 2.330 2.330

83 13 13 13 1.771 1.771 1.771

85 3 3 3 3.539 3.539 3.539

103 2 2 2 0.534 0.534 0.534

155 6 6 6 1.497 1.497 1.497

83 14 5 5 5 2.027 2.027 2.027
55 8 8 8 2.137 2.137 2.137

60 13 13 14 1.757 1.757 1.757

70 2 2 2 0.617 0.617 0.617

73 13 13 13 1.771 1.771 1.771

103 8 8 8 2.288 2.288 2.288

107 12 14 15 2.163 2.163 2.163

155 2 2 0.357 0.357

85 14 5 5 5 2.679 2.679 2.679
73 3 3 3 3.539 3.539 3.539

155 3 3 3 4.038 4.038 4.038

103 55 9 9 9 1.088 1.088 1.088
60 4 4 4 2.294 2.294 2.294

73 2 2 2 0.534 0.534 0.534

83 8 8 8 2.288 2.288 2.288

107 3 3 3 1.323 1.323 1.323

107 55 2 2 2 0.893 0.893 0.893
60 8 13 13 1.385 1.385 1.385

83 12 14 15 2.163 2.163 2.163

103 3 3 3 1.323 1.323 1.323

178 3 3 3 1.456 1.456 1.456

147 155 22 43 43 1.076 1.076 1.076
151 14 3 3 3 0.635 0.635 0.635
155 95 130 131 1.684 1.684 1.684

177 10 10 10 1.088 1.088 1.088

1049 26 27 27 1.171 1.171 1.171

155 60 2 2 1.082 1.082
70 2 2 0.620 0.620

73 6 6 6 1.497 1.497 1.497

83 2 2 0.357 0.357

85 3 3 3 4.038 4.038 4.038

147 22 43 43 1.076 1.076 1.076
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151 95 130 131 1.684 1.684 1.684
1172 3 3 0.233 0.233
177 151 10 10 10 1.088 1.088 1.088
178 107 3 3 3 1.456 1.456 1.456
254 256 31 32 32 3.300 3.300 3.300
487 2 2 2 0.556 0.556 0.556
255 349 23 23 23 3.695 3.695 3.695
358 6 6 6 3.151 3.151 3.151
368 44 44 44 1.869 1.869 1.869
944 12 12 12 2.552 2.552 2.552
256 254 31 32 32 3.300 3.300 3.300
319 5 7 7 2.131 2.131 2.131
349 2 2 2 2.677 2.677 2.677
358 11 12 12 3.565 3.565 3.565
368 34 37 38 2.197 2.197 2.197
487 2 3 3 1.893 1.893 1.893
729 2 0.180
944 11 11 11 1.776 1.776 1.776
1134 2 2 0.304 0.304
1556 2 2 2 2.590 2.590 2.590
285 966 2 2 2 2.279 2.279 2.279
1874 8 8 8 3.147 3.147 3.147
294 349 30 30 30 4.022 4.022 4.022
319 256 5 7 7 2.131 2.131 2.131
349 14 2 2 2 2.321 2.321 2.321
255 23 23 23 3.695 3.695 3.695
256 2 2 2 2.677 2.677 2.677
294 30 30 30 4.022 4.022 4.022
695 2 2 2 1.214 1.214 1.214
944 3 4 4 2.364 2.364 2.364
1544 2 3 3 0.379 0.379 0.379
358 255 6 6 6 3.151 3.151 3.151
256 11 12 12 3.565 3.565 3.565
944 3 3 3.470 3.470 3.470
368 255 44 44 44 1.869 1.869 1.869
256 34 37 38 2.197 2.197 2.197
426 8 8 8 1.389 1.389 1.389
944 33 33 33 2.410 2.410 2.410
975 3 3 3 1.561 1.561 1.561
1556 5 5 5 1.443 1.443 1.443
426 368 8 8 8 1.389 1.389 1.389
451 3 3 3 2.538 2.538 2.538
944 51 52 52 2.941 2.941 2.941
440 695 3 6 7 0.545 0.545 0.545
696 78 88 90 4.284 4.284 4.284
699 3 9 9 0.725 0.725 0.725
745 13 13 13 2.935 2.935 2.935
451 426 3 3 3 2.538 2.538 2.538
487 121 135 136 2.465 2.465 2.465
745 7 8 8 2.703 2.703 2.703
864 57 57 57 13.644 13.644 13.644
453 479 3 4 4 1.400 1.400 1.400
487 363 378 378 7.933 7.933 7.933
745 2 2 1.507 1.507
466 479 174 177 178 13.693 13.693 13.693
487 82 94 94 6.448 6.448 6.448
479 453 3 4 4 1.400 1.400 1.400
466 174 177 178 13.693 13.693 13.693
487 4 5 5 1.064 1.064 1.064
557 32 33 33 4.500 4.500 4.500
487 254 2 2 2 0.556 0.556 0.556
256 2 3 3 1.893 1.893 1.893
451 121 135 136 2.465 2.465 2.465
453 363 378 378 7.933 7.933 7.933
466 82 94 94 6.448 6.448 6.448
479 4 5 5 1.064 1.064 1.064
671 16 19 19 1.901 1.901 1.901
557 479 32 33 33 4.500 4.500 4.500
577 599 26 30 31 1.623 1.623 1.623
1567 69 82 83 1.594 1.594 1.594
592 599 74 93 95 2.202 2.202 2.202
599 577 26 30 31 1.623 1.623 1.623
592 74 93 95 2.202 2.202 2.202
671 487 16 19 19 1.901 1.901 1.901
695 349 2 2 2 1.214 1.214 1.214
440 3 6 7 0.545 0.545 0.545
696 440 78 88 90 4.284 4.284 4.284
699 440 3 9 9 0.725 0.725 0.725
718 804 13 13 13 2.953 2.953 2.953
864 19 19 19 12.473 12.473 12.473
729 256 2 0.180
745 440 13 13 13 2.935 2.935 2.935
451 8 2.703 2.703 2.703
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453 2 2 1.507 1.507
770 1134 33 33 33 3.247 3.247 3.247
804 718 13 13 13 2.953 2.953 2.953
838 1025 2 2 2 1.110 1.110 1.110
864 451 57 57 57 13.644 13.644 13.644
718 19 19 19 12.473 12.473 12.473
914 1556 4 4 4 2.544 2.544 2.544
944 255 12 12 12 2.552 2.552 2.552
256 11 11 11 1.776 1.776 1.776
349 3 4 4 2.364 2.364 2.364
358 3 3 3 3.470 3.470 3.470
368 33 33 33 2.410 2.410 2.410
426 51 52 52 2.941 2.941 2.941
966 285 2 2 2 2.279 2.279 2.279
974 13 27 28 1.173 1.173 1.173
1552 2 4 4 0.678 0.678 0.678
971 975 57 60 61 2.966 2.966 2.966
1544 2 2 0.321 0.321
1552 110 122 125 1.868 1.868 1.868
1711 273 281 281 2.977 2.977 2.977
1715 2 2 2 0.961 0.961 0.961
974 966 13 27 28 1.173 1.173 1.173
1552 2 2 2 1.675 1.675 1.675
1711 3 3 3 1.570 1.570 1.570
975 368 3 3 3 1.561 1.561 1.561
971 57 60 61 2.966 2.966 2.966
1552 40 40 40 3.898 3.898 3.898
1556 13 13 13 3.605 3.605 3.605
1006 1049 69 71 71 13.732 13.732 13.732
1025 838 2 2 2 1.110 1.110 1.110
1049 151 26 27 27 1.171 1.171 1.171
1006 69 71 71 13.732 13.732 13.732
1120 1134 165 172 173 5.734 5.734 5.734
1176 3 4 4 0.815 0.815 0.815
1134 256 2 2 0.304 0.304
770 33 33 33 3.247 3.247 3.247
1120 165 172 173 5.734 5.734 5.734
1146 2 2 2 2.993 2.993 2.993
1169 43 47 47 2.346 2.346 2.346
1172 29 31 31 2.106 2.106 2.106
1176 406 409 410 3.816 3.816 3.816
1213 3 3 3 2.295 2.295 2.295
1141 1146 6 6 1.130 1.130 1.130
1142 1169 10 11 11 2.400 2.400 2.400
1146 1134 2 2 2.993 2.993 2.993
1141 6 6 6 1.130 1.130 1.130
1176 2 2 2 1.425 1.425 1.425
1169 1134 43 47 47 2.346 2.346 2.346
1142 10 11 11 2.400 2.400 2.400
1176 66 70 70 2.027 2.027 2.027
1172 155 3 3 0.233 0.233
1134 29 31 31 2.106 2.106 2.106
1176 1120 3 4 4 0.815 0.815 0.815
1134 406 409 410 3.816 3.816 3.816
1146 2 2 2 1.425 1.425 1.425
1169 66 70 70 2.027 2.027 2.027
1213 1134 3 3 3 2.295 2.295 2.295
1242 1567 39 39 39 2.705 2.705 2.705
1883 2 2 2 2.238 2.238 2.238
1244 1567 2 2 0.469 0.469
1883 10 10 10 2.049 2.049 2.049
1294 1498 11 12 12 10.047 10.047 10.047
1716 43 44 44 14.963 14.963 14.963
1404 1421 187 188 189 7.255 7.255 7.255
2059 133 133 133 5.372 5.372 5.372
1417 2059 72 72 72 3.930 3.930 3.930
2080 2 2 2 1.018 1.018 1.018
1421 1404 187 188 189 7.255 7.255 7.255
1443 23 23 23 4.403 4.403 4.403
2059 498 502 503 41.652 41.652 41.652
1440 2080 22 26 26 1.379 1.379 1.379
1443 1421 23 23 23 4.403 4.403 4.403
1743 4 4 4 9.326 9.326 9.326
2080 9 9 2.728 2.728 2.728
1498 1294 11 12 12 10.047 10.047 10.047
1544 349 3 3 0.379 0.379 0.379
971 2 2 0.321 0.321
1556 2 2 2 2.290 2.290 2.290
1552 966 2 4 4 0.678 0.678 0.678
971 110 122 125 1.868 1.868 1.868
974 2 2 2 1.675 1.675 1.675
975 40 40 40 3.898 3.898 3.898
1711 23 24 24 1.896 1.896 1.896
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1556 256 2 2 2 2.590 2.590 2.590
368 5 5 5 1.443 1.443 1.443
914 4 4 4 2.544 2.544 2.544
975 13 13 13 3.605 3.605 3.605
1544 2 2 2 2.290 2.290 2.290
1595 3 3 3 2.428 2.428 2.428
1567 577 69 82 83 1.594 1.594 1.594
1242 39 39 39 2.705 2.705 2.705
1244 2 2 0.469 0.469
1595 1556 3 3 3 2.428 2.428 2.428
1610 60 62 62 3.650 3.650 3.650
1603 46 3 3 3 1.432 1.432 1.432
1610 1595 60 62 62 3.650 3.650 3.650
1710 2059 2 2 0.469 0.469
1711 1 2 2 0.225 0.225
971 273 281 281 2.977 2.977 2.977
974 3 3 3 1.570 1.570 1.570
1552 23 24 24 1.896 1.896 1.896
1716 3 3 0.335 0.335
1715 971 2 2 2 0.961 0.961 0.961
1716 1294 43 44 44 14.963 14.963 14.963
1711 3 3 0.335 0.335
1743 1443 4 4 4 9.326 9.326 9.326
1841 1878 14 17 17 1.477 1.477 1.477
1874 14 3 3 3 1.291 1.291 1.291
285 8 8 8 3.147 3.147 3.147
1883 2 2 2 0.921 0.921 0.921
1961 17 17 17 1.724 1.724 1.724
1878 1841 14 17 17 1.477 1.477 1.477
1977 18 53 54 0.654 0.654 0.654
1883 1242 2 2 2 2.238 2.238 2.238
1244 10 10 10 2.049 2.049 2.049
1874 2 2 2 0.921 0.921 0.921
1961 1874 17 17 17 1.724 1.724 1.724
1977 1878 18 53 54 0.654 0.654 0.654
2059 1404 133 133 133 5.372 5.372 5.372
1417 72 72 72 3.930 3.930 3.930
1421 498 502 503 41.652 41.652 41.652
1710 2 2 0.469 0.469
2080 1417 2 2 2 1.018 1.018 1.018
1440 22 26 26 1.379 1.379 1.379
1443 7 9 9 2.728 2.728 2.728
2087 4 5 5 0.654 0.654 0.654
2089 44 58 59 1.526 1.526 1.526
2091 46 48 48 4.314 4.314 4.314
2087 2080 4 5 5 0.654 0.654 0.654
2089 2080 44 58 59 1.526 1.526 1.526
2091 2080 46 48 48 4.314 4.314 4.314
BUD13 QI9BRDO 286 314 3 3 0.374 0.374
314 286 3 3 0.374 0.374
330 339 2 3 3 1.151 1.151 1.151
333 340 7 7 7 2.024 2.024 2.024
339 330 2 3 3 1.151 1.151 1.151
340 333 7 7 7 2.024 2.024 2.024
417 427 3 3 3 1.077 1.077 1.077
427 417 3 3 3 1.077 1.077 1.077
466 474 7 7 7 2.766 2.766 2.766
474 466 7 7 7 2.766 2.766 2.766
499 2 2 2 1.045 1.045 1.045
499 474 2 2 2 1.045 1.045 1.045
520 3 3 3 1.143 1.143 1.143
520 499 3 3 3 1.143 1.143 1.143
550 553 2 2 2 0.761 0.761 0.761
555 5 5 5 1.408 1.408 1.408
553 550 2 2 2 0.761 0.761 0.761
555 550 5 5 5 1.408 1.408 1.408
596 604 5 6 6 1.109 1.109 1.109
604 596 5 6 6 1.109 1.109 1.109
BUD31 P41223 9 86 3 3 3 1.799 1.799 1.799
28 40 12 13 13 1.252 1.252 1.252
40 28 12 13 13 1.252 1.252 1.252
66 68 9 10 10 2.412 2.412 2.412
68 66 9 10 10 2.412 2.412 2.412
86 9 3 3 3 1.799 1.799 1.799
CBP20 P52298 34 38 12 12 12 3.135 3.135 3.135
120 56 59 59 2.927 2.927 2.927
38 34 12 12 12 3.135 3.135 3.135
120 8 8 8 3.107 3.107 3.107
75 78 20 21 21 2.711 2.711 2.711
120 23 24 24 3.666 3.666 3.666
78 75 20 21 21 2.711 2.711 2.711
120 34 56 59 59 2.927 2.927 2.927
38 8 8 8 3.107 3.107 3.107

Continued on next page



142 SUPPLEMENTARY INFORMATION

Table B.2 — Continued from previous page

Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID

75 23 24 24 3.666 3.666 3.666
CBP80 Q09161 17 20 121 129 130 5.127 5.127 5.127
37 7 7 7 2.035 2.035 2.035
67 45 47 47 2.258 2.258 2.258
327 1 0.128
20 17 121 129 130 5.127 5.127 5.127
41 3 3 3 2.556 2.556 2.556
67 97 102 102 2.802 2.802 2.802
327 6 7 7 0.921 0.921 0.921
671 2 2 3 0.914 0.914 0.914
37 17 7 7 7 2.035 2.035 2.035
82 8 8 8 1.997 1.997 1.997
41 20 3 3 3 2.556 2.556 2.556
330 24 24 24 4.070 4.070 4.070
342 27 28 28 2.134 2.134 2.134
67 17 45 47 47 2.258 2.258 2.258
20 97 102 102 2.802 2.802 2.802
82 37 8 8 8 1.997 1.997 1.997
188 707 2 2 0.324 0.324
204 238 2 2 2 0.530 0.530 0.530
240 3 3 3 0.717 0.717 0.717
241 2 2 2 0.688 0.688 0.688
238 204 2 2 2 0.530 0.530 0.530
240 204 3 3 3 0.717 0.717 0.717
241 204 2 2 2 0.688 0.688 0.688
327 17 1 0.128
20 6 7 7 0.921 0.921 0.921
330 41 24 24 24 4.070 4.070 4.070
342 41 27 28 28 2.134 2.134 2.134
511 557 6 6 6 3.386 3.386 3.386
568 10 10 10 3.908 3.908 3.908
557 511 6 6 6 3.386 3.386 3.386
568 511 10 10 10 3.908 3.908 3.908
607 67 68 68 4.514 4.514 4.514
574 698 10 10 10 4.147 4.147 4.147
607 568 67 68 68 4.514 4.514 4.514
647 654 10 14 14 1.612 1.612 1.612
657 12 15 16 1.599 1.599 1.599
698 39 40 40 2.398 2.398 2.398
650 657 258 262 262 3.459 3.459 3.459
698 15 16 16 1.961 1.961 1.961
654 647 10 14 14 1.612 1.612 1.612
665 7 7 7 1.876 1.876 1.876
698 146 150 150 4.646 4.646 4.646
657 647 12 15 16 1.599 1.599 1.599
650 258 262 262 3.459 3.459 3.459
698 5 5 5 2.212 2.212 2.212
663 671 4 6 6 1.021 1.021 1.021
684 25 29 29 2.405 2.405 2.405
665 654 7 7 7 1.876 1.876 1.876
671 17 27 28 1.142 1.142 1.142
684 128 141 142 3.605 3.605 3.605
698 19 20 20 3.958 3.958 3.958
671 20 2 2 3 0.914 0.914 0.914
663 4 6 6 1.021 1.021 1.021
665 17 27 28 1.142 1.142 1.142
684 34 41 43 1.329 1.329 1.329
684 663 25 29 29 2.405 2.405 2.405
665 128 141 142 3.605 3.605 3.605
671 34 41 43 1.329 1.329 1.329
698 8 8 8 3.164 3.164 3.164
698 574 10 10 10 4.147 4.147 4.147
647 39 40 40 2.398 2.398 2.398
650 15 16 16 1.961 1.961 1.961
654 146 150 150 4.646 4.646 4.646
657 5 5 5 2.212 2.212 2.212
665 19 20 20 3.958 3.958 3.958
684 8 8 8 3.164 3.164 3.164
707 188 2 2 0.324 0.324
CCDC12 Q8WUD4 23 28 3 4 0.598 0.598
28 23 3 4 0.598 0.598
32 6 6 6 1.270 1.270 1.270
34 6 7 7 1.421 1.421 1.421
32 28 6 6 6 1.270 1.270 1.270
34 28 6 7 7 1.421 1.421 1.421
42 3 4 4 0.736 0.736 0.736
42 34 3 4 4 0.736 0.736 0.736
126 2 0.143
53 78 4 4 4 1.778 1.778 1.778
70 78 38 40 40 2.166 2.166 2.166
71 78 23 25 25 1.287 1.287 1.287
78 53 4 4 4 1.778 1.778 1.778
70 38 40 40 2.166 2.166 2.166
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71 23 25 25 1.287 1.287 1.287

87 8 8 8 13.725 13.725 13.725

126 2 2 2 1.054 1.054 1.054

87 78 8 8 8 13.725 13.725 13.725
122 126 13 13 13 1.947 1.947 1.947
126 42 2 0.143
78 2 2 2 1.054 1.054 1.054

122 13 13 13 1.947 1.947 1.947

CDC5L Q99459 7 47 2 4 4 0.810 0.810 0.810
124 2 2 2 0.553 0.553 0.553

20 28 85 88 88 3.752 3.752 3.752
60 6 6 6 3.668 3.668 3.668

135 2 2 2 2.037 2.037 2.037

28 20 85 88 88 3.752 3.752 3.752
47 13 17 17 2.737 2.737 2.737

60 22 22 22 2.367 2.367 2.367

218 2 2 2 1.670 1.670 1.670

47 7 2 4 4 0.810 0.810 0.810
28 13 17 17 2.737 2.737 2.737

59 70 16 16 16 1.544 1.544 1.544
60 20 6 6 6 3.668 3.668 3.668
28 22 22 22 2.367 2.367 2.367

70 59 16 16 16 1.544 1.544 1.544
76 106 44 45 45 3.678 3.678 3.678
124 13 13 13 1.963 1.963 1.963

106 76 44 45 45 3.678 3.678 3.678
122 7 6.565 6.565 6.565

124 12 12 12 2.927 2.927 2.927

122 106 7 7 7 6.565 6.565 6.565
124 7 2 2 2 0.553 0.553 0.553
76 13 13 13 1.963 1.963 1.963

106 12 12 12 2.927 2.927 2.927

135 20 2 2 2 2.037 2.037 2.037
187 2 2 2 0.700 0.700 0.700

170 174 5 5 5 1.296 1.296 1.296
174 170 5 5 5 1.296 1.296 1.296
187 4 4 4 0.625 0.625 0.625

187 135 2 2 2 0.700 0.700 0.700
174 4 4 4 0.625 0.625 0.625

200 15 18 18 3.849 3.849 3.849

218 2 3 3 0.494 0.494 0.494

200 187 15 18 18 3.849 3.849 3.849
218 9 10 11 2.073 2.073 2.073

219 12 14 14 1.696 1.696 1.696

255 6 6 6 2.236 2.236 2.236

218 28 2 2 2 1.670 1.670 1.670
187 2 3 3 0.494 0.494 0.494

200 9 10 11 2.073 2.073 2.073

255 8 9 9 1.063 1.063 1.063

294 7 7 7 5.084 5.084 5.084

219 200 12 14 14 1.696 1.696 1.696
268 2 2 2 1.368 1.368 1.368

294 3 3 3 4.939 4.939 4.939

255 200 6 6 6 2.236 2.236 2.236
218 8 9 9 1.063 1.063 1.063

264 3 3 3 1.902 1.902 1.902

268 12 14 14 1.432 1.432 1.432

271 14 16 16 1.971 1.971 1.971

294 3 3 3 2.125 2.125 2.125

264 255 3 3 3 1.902 1.902 1.902
270 29 34 34 1.733 1.733 1.733

271 40 43 44 1.821 1.821 1.821

268 219 2 2 2 1.368 1.368 1.368
255 12 14 14 1.432 1.432 1.432

271 57 60 61 1.747 1.747 1.747

270 264 29 34 34 1.733 1.733 1.733
294 27 27 27 4.696 4.696 4.696

271 255 14 16 16 1.971 1.971 1.971
264 40 43 44 1.821 1.821 1.821

268 57 60 61 1.747 1.747 1.747

294 2 2 3.618 3.618

312 2 2 2 1.872 1.872 1.872

290 294 121 129 129 5.572 5.572 5.572
312 12 12 12 1.436 1.436 1.436

291 294 13 15 15 2.245 2.245 2.245
294 218 7 7 7 5.084 5.084 5.084
219 3 3 3 4.939 4.939 4.939

255 3 3 3 2.125 2.125 2.125

270 27 27 27 4.696 4.696 4.696

271 2 2 3.618 3.618

290 121 129 129 5.572 5.572 5.572

291 13 15 15 2.245 2.245 2.245

380 3 3 3 3.560 3.560 3.560
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312 271 2 2 2 1.872 1.872 1.872
290 12 12 12 1.436 1.436 1.436
380 294 3 3 3 3.560 3.560 3.560
432 13 13 13 1.839 1.839 1.839
447 5 5 5 2.869 2.869 2.869
466 4 4 4 1.422 1.422 1.422
487 3 3 3 3.194 3.194 3.194
432 380 13 13 13 1.839 1.839 1.839
447 53 54 54 2.707 2.707 2.707
466 16 16 16 2.358 2.358 2.358
487 3 3 3 2.080 2.080 2.080
522 12 16 16 1.483 1.483 1.483
447 380 5 5 5 2.869 2.869 2.869
432 53 54 54 2.707 2.707 2.707
487 6 6 6 2.644 2.644 2.644
466 380 4 4 4 1.422 1.422 1.422
432 16 16 16 2.358 2.358 2.358
487 12 12 12 3.477 3.477 3.477
487 380 3 3 3.194 3.194 3.194
432 3 3 3 2.080 2.080 2.080
447 6 6 6 2.644 2.644 2.644
466 12 12 12 3.477 3.477 3.477
522 2 2 1.389 1.389
708 2 2 2 1.433 1.433 1.433
718 2 2 2 2.489 2.489 2.489
500 522 2 2 2 1.850 1.850 1.850
522 432 12 16 16 1.483 1.483 1.483
487 2 2 1.389 1.389
500 2 2 2 1.850 1.850 1.850
532 11 11 11 3.516 3.516 3.516
535 11 12 12 3.953 3.953 3.953
539 4 4 4 2.045 2.045 2.045
598 11 11 11 1.830 1.830 1.830
601 13 14 14 2.749 2.749 2.749
626 13 13 13 2.223 2.223 2.223
532 522 11 11 11 3.516 3.516 3.516
539 12 12 12 1.615 1.615 1.615
601 2 2 2 1.411 1.411 1.411
623 8 27 28 1.007 1.007 1.007
626 69 72 72 2.116 2.116 2.116
630 7 7 7 1.361 1.361 1.361
535 522 11 12 12 3.953 3.953 3.953
539 55 59 59 2.813 2.813 2.813
543 2 21 23 0.438 0.438 0.438
598 8 8 0.480 0.480 0.480
601 11 13 13 1.287 1.287 1.287
623 4 26 27 0.497 0.497 0.497
626 98 123 124 2.001 2.001 2.001
630 20 24 24 1.583 1.583 1.583
631 6 6 6 1.923 1.923 1.923
539 522 4 4 4 2.045 2.045 2.045
532 12 12 12 1.615 1.615 1.615
535 55 59 59 2.813 2.813 2.813
623 44 116 127 1.190 1.190 1.190
626 262 265 266 3.657 3.657 3.657
630 49 49 49 3.272 3.272 3.272
543 535 2 21 23 0.438 0.438 0.438
626 21 28 28 1.222 1.222 1.222
630 3 3 0.324 0.324
570 577 14 15 15 12.094 12.094 12.094
577 570 14 15 15 12.094 12.094 12.094
599 2 2 0.415 0.415
598 522 11 11 11 1.830 1.830 1.830
535 3 8 8 0.480 0.480 0.480
694 5 7 7 0.577 0.577 0.577
708 17 19 21 1.698 1.698 1.698
712 23 24 24 1.415 1.415 1.415
599 577 2 2 0.415 0.415
601 522 13 14 14 2.749 2.749 2.749
532 2 2 2 1.411 1.411 1.411
535 11 13 13 1.287 1.287 1.287
694 13 14 14 1.862 1.862 1.862
708 45 48 48 2.895 2.895 2.895
712 27 30 31 1.537 1.537 1.537
623 532 8 27 28 1.007 1.007 1.007
535 4 26 27 0.497 0.497 0.497
539 44 116 127 1.190 1.190 1.190
626 522 13 13 13 2.223 2.223 2.223
532 69 72 72 2.116 2.116 2.116
535 98 123 124 2.001 2.001 2.001
539 262 265 266 3.657 3.657 3.657
543 21 28 28 1.222 1.222 1.222
631 19 19 19 2.288 2.288 2.288
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630 532 7 7 7 1.361 1.361 1.361
535 20 24 24 1.583 1.583 1.583
539 49 49 49 3.272 3.272 3.272
543 3 3 0.324 0.324
631 535 6 6 6 1.923 1.923 1.923
626 19 19 19 2.288 2.288 2.288
685 694 7 8 8 1.451 1.451 1.451
694 598 5 7 7 0.577 0.577 0.577
601 13 14 14 1.862 1.862 1.862
685 7 8 8 1.451 1.451 1.451
708 487 2 2 2 1.433 1.433 1.433
598 17 19 21 1.698 1.698 1.698
601 45 48 48 2.895 2.895 2.895
712 25 28 28 1.352 1.352 1.352
718 11 11 11 2.718 2.718 2.718
712 598 23 24 24 1.415 1.415 1.415
601 27 30 31 1.537 1.537 1.537
708 25 28 28 1.352 1.352 1.352
716 2 3 3 0.613 0.613 0.613
716 712 2 3 3 0.613 0.613 0.613
718 487 2.489 2.489 2.489
708 11 11 11 2.718 2.718 2.718
771 782 39 39 39 2.329 2.329 2.329
782 771 39 39 39 2.329 2.329 2.329
CTNNBL1 Q8WYA6 16 27 21 25 25 1.161 1.161 1.161
31 11 15 15 4.313 4.313 4.313
27 16 21 25 25 1.161 1.161 1.161
31 84 98 102 2.661 2.661 2.661
31 16 11 15 15 4.313 4.313 4.313
27 84 98 102 2.661 2.661 2.661
56 25 27 27 2.432 2.432 2.432
57 15 15 15 2.433 2.433 2.433
56 31 25 27 27 2.432 2.432 2.432
91 2 4 4 0.753 0.753 0.753
57 31 15 15 15 2.433 2.433 2.433
83 91 29 39 39 2.041 2.041 2.041
84 95 13 13 13 2.521 2.521 2.521
91 56 2 4 4 0.753 0.753 0.753
83 29 39 39 2.041 2.041 2.041
95 59 60 60 2.074 2.074 2.074
102 102 109 109 3.520 3.520 3.520
95 84 13 13 13 2.521 2.521 2.521
91 59 60 60 2.074 2.074 2.074
102 136 144 144 4.435 4.435 4.435
102 91 102 109 109 3.520 3.520 3.520
95 136 144 144 4.435 4.435 4.435
247 250 4 4 0.207 0.207
252 8 9 9 2.481 2.481 2.481
250 247 4 4 0.207 0.207
252 247 8 9 9 2.481 2.481 2.481
297 347 3 4 4 1.168 1.168 1.168
332 372 36 36 36 4.008 4.008 4.008
347 297 3 4 4 1.168 1.168 1.168
372 332 36 36 36 4.008 4.008 4.008
401 458 33 33 33 4.563 4.563 4.563
457 463 4 5 5 0.763 0.763 0.763
527 13 14 14 1.627 1.627 1.627
458 401 33 33 33 4.563 4.563 4.563
463 457 4 5 5 0.763 0.763 0.763
527 457 13 14 14 1.627 1.627 1.627
534 177 186 186 2.471 2.471 2.471
534 527 177 186 186 2.471 2.471 2.471
554 45 63 63 1.201 1.201 1.201
554 534 45 63 63 1.201 1.201 1.201
CWC15 QIP013 18 40 42 44 44 2.574 2.574 2.574
42 26 31 31 1.542 1.542 1.542
91 6 6 6 2.171 2.171 2.171
28 40 63 72 72 2.169 2.169 2.169
42 54 59 59 1.354 1.354 1.354
91 15 18 18 1.742 1.742 1.742
40 18 42 44 44 2.574 2.574 2.574
28 63 72 72 2.169 2.169 2.169
91 1 1 0.772 0.772
42 18 26 31 31 1.542 1.542 1.542
28 54 59 59 1.354 1.354 1.354
91 18 6 6 6 2.171 2.171 2.171
28 15 18 18 1.742 1.742 1.742
40 1 1 0.772 0.772
183 195 6 7 7 3.140 3.140 3.140
195 183 6 7 7 3.140 3.140 3.140
205 221 6 6 6 1.671 1.671 1.671
221 205 6 6 6 1.671 1.671 1.671
226 3 5 5 0.791 0.791 0.791
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226 221 3 5 5 0.791 0.791 0.791
HNRNPA1 P09651 3 15 54 56 56 6.364 6.364 6.364
52 8 8 8 1.575 1.575 1.575
106 28 29 30 4.136 4.136 4.136
113 17 18 18 2.782 2.782 2.782
166 4 4 4 2.850 2.850 2.850
350 38 38 38 3.562 3.562 3.562
8 15 54 54 54 4.418 4.418 4.418
106 12 12 12 1.920 1.920 1.920
113 7 7 7 1.253 1.253 1.253
166 4 4 4 0.952 0.952 0.952
350 25 25 25 1.632 1.632 1.632
15 3 54 56 56 6.364 6.364 6.364
8 54 54 54 4.418 4.418 4.418
106 43 43 43 7.045 7.045 7.045
166 9 9 9 3.569 3.569 3.569
350 23 23 23 3.795 3.795 3.795
52 3 8 8 8 1.575 1.575 1.575
106 18 19 19 1.460 1.460 1.460
113 5 5 5 0.654 0.654 0.654
350 16 19 19 0.917 0.917 0.917
78 106 4 4 2.228 2.228 2.228
113 2 4 4 0.865 0.865 0.865
144 2 2 0.260 0.260
166 3 3 3 0.962 0.962 0.962
350 2 2 0.366 0.366
105 350 6 7 7 1.842 1.842 1.842
106 3 28 29 30 4.136 4.136 4.136
8 12 12 12 1.920 1.920 1.920
15 43 43 43 7.045 7.045 7.045
52 18 19 19 1.460 1.460 1.460
78 3 4 4 2.228 2.228 2.228
350 66 70 70 4.046 4.046 4.046
113 3 17 18 18 2.782 2.782 2.782
8 7 7 1.253 1.253 1.253
52 5 5 5 0.654 0.654 0.654
78 2 4 4 0.865 0.865 0.865
144 5 6 7 1.240 1.240 1.240
350 30 33 33 2.402 2.402 2.402
144 78 2 2 0.260 0.260
113 5 6 7 1.240 1.240 1.240
166 3 4 4 4 2.850 2.850 2.850
8 4 4 4 0.952 0.952 0.952
15 9 9 9 3.569 3.569 3.569
78 3 3 3 0.962 0.962 0.962
350 16 17 17 2.505 2.505 2.505
350 3 38 38 38 3.562 3.562 3.562
8 25 25 25 1.632 1.632 1.632
15 23 23 23 3.795 3.795 3.795
52 16 19 19 0.917 0.917 0.917
78 2 2 0.366 0.366
105 6 7 7 1.842 1.842 1.842
106 66 70 70 4.046 4.046 4.046
113 30 33 33 2.402 2.402 2.402
166 16 17 17 2.505 2.505 2.505
ISY1 Q9ULRO 24 41 20 23 23 2.925 2.925 2.925
44 6 8 8 0.910 0.910 0.910
26 41 7 8 8 1.039 1.039 1.039
44 13 16 16 0.690 0.690 0.690
41 24 20 23 23 2.925 2.925 2.925
26 7 8 8 1.039 1.039 1.039
44 24 6 8 8 0.910 0.910 0.910
26 13 16 16 0.690 0.690 0.690
55 6 7 7 1.307 1.307 1.307
55 44 6 7 7 1.307 1.307 1.307
84 92 24 24 24 2.919 2.919 2.919
101 12 15 15 2.055 2.055 2.055
105 70 70 70 4.132 4.132 4.132
112 2 2 0.397 0.397
121 125 127 127 4.039 4.039 4.039
92 84 24 24 24 2.919 2.919 2.919
105 20 20 20 3.077 3.077 3.077
101 84 12 15 15 2.055 2.055 2.055
121 9 9 9 1.669 1.669 1.669
105 84 70 70 70 4.132 4.132 4.132
92 20 20 20 3.077 3.077 3.077
121 60 61 61 3.068 3.068 3.068
112 84 2 2 0.397 0.397
121 84 125 127 127 4.039 4.039 4.039
101 9 9 9 1.669 1.669 1.669
105 60 61 61 3.068 3.068 3.068
179 190 5 8 8 0.857 0.857 0.857
190 179 5 8 8 0.857 0.857 0.857
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KIN17 060870 42 324 1 9.921- 10~ 2
231 242 3 3 3 2.518 2.518 2.518
240 242 13 13 13 2.771 2.771 2.771
242 231 3 3 3 2.518 2.518 2.518
240 13 13 13 2.771 2.771 2.771
252 258 2 2 2 1.328 1.328 1.328
258 252 2 2 2 1.328 1.328 1.328
288 302 14 14 14 3.385 3.385 3.385
292 300 8 10 10 1.991 1.991 1.991
293 324 2 3 3 0.618 0.618 0.618
300 292 8 10 10 1.991 1.991 1.991
302 5 5 5 2.772 2.772 2.772
302 288 14 14 14 3.385 3.385 3.385
300 5 5 5 2.772 2.772 2.772
341 1 1 1 0.911 0.911 0.911
391 8 8 8 2.085 2.085 2.085
317 391 4 4 4 2.258 2.258 2.258
324 42 1 9.921- 10~ 2
293 2 3 3 0.618 0.618 0.618
341 302 1 1 1 0.911 0.911 0.911
391 7 7 7 3.600 3.600 3.600
391 302 8 8 8 2.085 2.085 2.085
317 4 4 4 2.258 2.258 2.258
341 7 7 7 3.600 3.600 3.600
LSm2 Q9IY 333 1 88 26 27 27 5.800 5.800 5.800
94 9 9 9 1.459 1.459 1.459
8 88 21 21 21 2.235 2.235 2.235
94 3 3 3 1.605 1.605 1.605
88 1 26 27 27 5.800 5.800 5.800
8 21 21 21 2.235 2.235 2.235
94 1 9 9 9 1.459 1.459 1.459
8 3 3 3 1.605 1.605 1.605
LSm4 Q9Y4Z0 1 80 48 49 50 4.814 4.814 4.814
80 1 48 49 50 4.814 4.814 4.814
LSm6 P62312 5 s 4 4 4 1.609 1.609 1.609
13 e 5 5 5 2.114 2.114 2.114
77 5 4 4 4 1.609 1.609 1.609
13 5 2.114 2.114 2.114
LSm7 QIUK45 4 9 12 17 17 1.772 1.772 1.772
6 8 3 1.583 1.583 1.583
9 29 31 31 2.383 2.383 2.383
7 9 4 4 4 1.299 1.299 1.299
8 6 3 3 3 1.583 1.583 1.583
9 4 12 17 17 1.772 1.772 1.772
6 29 31 31 2.383 2.383 2.383
7 4 4 4 1.299 1.299 1.299
MBPMS2 POAEX9- 2 314 2 2 0.191 0.191
r
7 26 6 7 7 3.399 3.399 3.399
35 4 4 4 1.156 1.156 1.156
47 5 5 5 2.548 2.548 2.548
16 30 3 3 0.224 0.224
35 2 2 0.507 0.507
296 15 15 15 3.181 3.181 3.181
298 13 13 13 2.415 2.415 2.415
26 7 6 7 7 3.399 3.399 3.399
30 301 308 308 5.173 5.173 5.173
35 124 140 140 4.497 4.497 4.497
43 14 14 14 1.925 1.925 1.925
47 5 5 5 3.144 3.144 3.144
296 22 22 22 4.393 4.393 4.393
27 47 2 2 2 3.225 3.225 3.225
30 16 3 3 0.224 0.224
26 301 308 308 5.173 5.173 5.173
43 11 15 15 2.011 2.011 2.011
47 24 26 26 3.153 3.153 3.153
120 7 9 10 2.031 2.031 2.031
176 4 5 0.823 0.823
296 3 3 3 1.506 1.506 1.506
35 7 4 4 4 1.156 1.156 1.156
16 2 2 0.507 0.507
26 124 140 140 4.497 4.497 4.497
176 7 13 14 0.594 0.594 0.594
43 26 14 14 14 1.925 1.925 1.925
30 11 15 15 2.011 2.011 2.011
47 6 6 6 0.796 0.796 0.796
176 6 6 0.454 0.454
298 2 2 2 2.520 2.520 2.520
424 2 2 0.866 0.866
438 4 7 7 2.894 2.894 2.894
447 7 13 13 1.127 1.127 1.127
47 7 5 5 5 2.548 2.548 2.548
26 5 5 5 3.144 3.144 3.144
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27 2 2 2 3.225 3.225 3.225
30 24 26 26 3.153 3.153 3.153
43 6 6 6 0.796 0.796 0.796
84 8 8 8 7.914 7.914 7.914
89 2 2 2 3.285 3.285 3.285
103 8 8 8 5.653 5.653 5.653
120 3 3 3 4.505 4.505 4.505
176 3 6 6 1.808 1.808 1.808
438 22 28 28 1.972 1.972 1.972
442 7 9 9 3.511 3.511 3.511
447 54 55 56 1.970 1.970 1.970
84 47 8 8 8 7.914 7.914 7.914
84 4 6 1.858 1.858
103 28 31 31 5.437 5.437 5.437
128 24 29 29 1.406 1.406 1.406
138 4 4 4 1.373 1.373 1.373
176 2 4 4 0.487 0.487 0.487
252 3 3 3 5.156 5.156 5.156
296 2 2 2 1.759 1.759 1.759
306 450 452 452 9.343 9.343 9.343
314 7 8 8 1.263 1.263 1.263
327 7 7 7 4.788 4.788 4.788
89 47 2 2 2 3.285 3.285 3.285
306 55 55 55 2.985 2.985 2.985
103 47 8 8 8 5.653 5.653 5.653
84 28 31 31 5.437 5.437 5.437
128 6 6 6 4.145 4.145 4.145
138 9 11 11 2.134 2.134 2.134
176 580 591 591 5.504 5.504 5.504
252 3 3 3 4.583 4.583 4.583
257 2 2 2 4.072 4.072 4.072
274 127 128 128 27.568 27.568 27.568
447 36 37 37 2.076 2.076 2.076
120 30 7 9 10 2.031 2.031 2.031
47 3 3 3 4.505 4.505 4.505
138 5 5 5 1.785 1.785 1.785
141 19 19 19 2.031 2.031 2.031
176 12 13 13 1.532 1.532 1.532
180 3 4 4 3.159 3.159 3.159
203 2 2 2.081 2.081
274 2 2 2 2.684 2.684 2.684
314 110 111 111 3.150 3.150 3.150
424 5 6 6 1.966 1.966 1.966
438 8 11 11 0.718 0.718 0.718
442 2 2 1.371 1.371
447 19 21 22 1.787 1.787 1.787
128 84 24 29 29 1.406 1.406 1.406
103 6 6 6 4.145 4.145 4.145
145 3 3 3 3.766 3.766 3.766
327 163 163 163 27.444 27.444 27.444
138 84 4 4 4 1.373 1.373 1.373
103 9 11 11 2.134 2.134 2.134
120 5 5 5 1.785 1.785 1.785
145 10 10 10 3.420 3.420 3.420
176 6 6 6 1.803 1.803 1.803
180 12 12 12 1.921 1.921 1.921
190 10 10 10 1.853 1.853 1.853
201 39 39 39 2.404 2.404 2.404
203 347 351 351 16.203 16.203 16.203
220 32 37 38 4.234 4.234 4.234
252 3 3 3 2.776 2.776 2.776
141 120 19 19 19 2.031 2.031 2.031
145 9 10 10 2.669 2.669 2.669
203 30 31 31 10.593 10.593 10.593
145 128 3 3 3 3.766 3.766 3.766
138 10 10 10 3.420 3.420 3.420
141 9 10 10 2.669 2.669 2.669
180 2 2 0.623 0.623
171 180 12 12 12 2.564 2.564 2.564
176 30 4 5 0.823 0.823
35 7 13 14 0.594 0.594 0.594
43 6 6 0.454 0.454
47 3 6 6 1.808 1.808 1.808
84 2 4 4 0.487 0.487 0.487
103 580 591 591 5.504 5.504 5.504
120 12 13 13 1.532 1.532 1.532
138 6 6 6 1.803 1.803 1.803
176 2 2 1.471 1.471
180 7 10 10 1.233 1.233 1.233
190 15 15 15 1.524 1.524 1.524
201 11 11 11 2.074 2.074 2.074
274 3 3 0.368 0.368
363 1 1 1 0.434 0.434 0.434
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424 8 8 9 1.255 1.255 1.255
438 6 8 8 0.667 0.667 0.667
447 19 24 24 1.734 1.734 1.734
180 120 3 4 4 3.159 3.159 3.159
138 12 12 12 1.921 1.921 1.921
145 2 2 0.623 0.623
171 12 12 12 2.564 2.564 2.564
176 7 10 10 1.233 1.233 1.233
363 71 71 71 4.976 4.976 4.976
438 5 5 5 1.115 1.115 1.115
447 16 17 17 1.716 1.716 1.716
190 138 10 10 10 1.853 1.853 1.853
176 15 15 15 1.524 1.524 1.524
252 53 55 55 39.666 39.666 39.666
363 52 52 52 4.388 4.388 4.388
438 1 2 2 0.770 0.770 0.770
447 10 10 10 1.888 1.888 1.888
201 138 39 39 39 2.404 2.404 2.404
176 11 11 11 2.074 2.074 2.074
447 6 6 6 1.779 1.779 1.779
203 120 2 2 2.081 2.081
138 347 351 351 16.203 16.203 16.203
141 30 31 31 10.593 10.593 10.593
240 3 3 3 4.177 4.177 4.177
447 4 4 4 0.885 0.885 0.885
220 138 32 37 38 4.234 4.234 4.234
296 2 2 2 5.049 5.049 5.049
240 203 3 3 3 4.177 4.177 4.177
296 7 7 7 20.695 20.695 20.695
252 84 3 3 3 5.156 5.156 5.156
103 3 3 3 4.583 4.583 4.583
138 3 3 3 2.776 2.776 2.776
190 53 55 55 39.666 39.666 39.666
306 2 2 2 1.746 1.746 1.746
257 103 2 2 2 4.072 4.072 4.072
274 103 127 128 128 27.568 27.568 27.568
120 2 2 2 2.684 2.684 2.684
176 3 3 0.368 0.368
296 7 8 8 2.452 2.452 2.452
298 5 5 5 2.014 2.014 2.014
306 2 3 3 0.586 0.586 0.586
424 5 5 5 1.579 1.579 1.579
438 10 10 10 1.768 1.768 1.768
447 16 16 16 2.040 2.040 2.040
296 16 15 15 15 3.181 3.181 3.181
26 22 22 22 4.393 4.393 4.393
30 3 3 3 1.506 1.506 1.506
84 2 2 2 1.759 1.759 1.759
220 2 2 2 5.049 5.049 5.049
240 7 7 7 20.695 20.695 20.695
274 7 8 8 2.452 2.452 2.452
314 66 69 69 1.839 1.839 1.839
298 16 13 13 13 2.415 2.415 2.415
43 2 2 2 2.520 2.520 2.520
274 5 5 5 2.014 2.014 2.014
306 3 4 4 1.095 1.095 1.095
306 84 450 452 452 9.343 9.343 9.343
89 55 55 55 2.985 2.985 2.985
252 2 2 2 1.746 1.746 1.746
274 2 3 3 0.586 0.586 0.586
298 3 4 4 1.095 1.095 1.095
314 6 6 0.648 0.648
314 2 2 2 0.191 0.191
84 7 8 8 1.263 1.263 1.263
120 110 111 111 3.150 3.150 3.150
296 66 69 69 1.839 1.839 1.839
306 6 6 0.648 0.648
327 84 7 7 7 4.788 4.788 4.788
128 163 163 163 27.444 27.444 27.444
363 176 1 1 1 0.434 0.434 0.434
180 71 71 71 4.976 4.976 4.976
190 52 52 52 4.388 4.388 4.388
424 3 3 3 1.624 1.624 1.624
438 4 5 5 1.086 1.086 1.086
447 16 16 16 1.296 1.296 1.296
424 43 2 2 0.866 0.866
120 5 6 6 1.966 1.966 1.966
176 8 8 9 1.255 1.255 1.255
274 5 5 5 1.579 1.579 1.579
363 3 3 3 1.624 1.624 1.624
438 20 25 25 1.912 1.912 1.912
442 75 76 76 3.037 3.037 3.037
447 29 29 29 2.512 2.512 2.512
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438 43 4 7 7 2.894 2.894 2.894
47 22 28 28 1.972 1.972 1.972
120 8 11 11 0.718 0.718 0.718
176 6 8 0.667 0.667 0.667
180 5 5 5 1.115 1.115 1.115
190 1 2 2 0.770 0.770 0.770
274 10 10 10 1.768 1.768 1.768
363 4 5 5 1.086 1.086 1.086
424 20 25 25 1.912 1.912 1.912
438 4 6 6 0.702 0.702 0.702
442 169 174 174 3.223 3.223 3.223
447 18 18 18 2.214 2.214 2.214
442 47 7 9 9 3.511 3.511 3.511
120 2 2 1.371 1.371
424 75 76 76 3.037 3.037 3.037
438 169 174 174 3.223 3.223 3.223
447 43 7 13 13 1.127 1.127 1.127
47 54 55 56 1.970 1.970 1.970
103 36 37 37 2.076 2.076 2.076
120 19 21 22 1.787 1.787 1.787
176 19 24 24 1.734 1.734 1.734
180 16 17 17 1.716 1.716 1.716
190 10 10 10 1.888 1.888 1.888
201 6 6 6 1.779 1.779 1.779
203 4 4 4 0.885 0.885 0.885
274 16 16 16 2.040 2.040 2.040
363 16 16 16 1.296 1.296 1.296
424 29 29 29 2.512 2.512 2.512
438 18 18 18 2.214 2.214 2.214
MFAP1 P55081 230 238 41 42 42 3.734 3.734 3.734
238 230 41 42 42 3.734 3.734 3.734
249 6 6 6 1.866 1.866 1.866
242 250 16 27 27 2.369 2.369 2.369
249 238 6 6 6 1.866 1.866 1.866
250 242 16 27 27 2.369 2.369 2.369
329 334 6 12 14 0.644 0.644 0.644
357 17 17 17 1.095 1.095 1.095
334 329 6 12 14 0.644 0.644 0.644
357 329 17 17 17 1.095 1.095 1.095
381 390 2 2 2 1.366 1.366 1.366
390 381 2 2 2 1.366 1.366 1.366
415 420 18 18 18 2.219 2.219 2.219
420 415 18 18 18 2.219 2.219 2.219
PHF5A Q7RTVO 3 95 2 2 2 1.358 1.358 1.358
95 3 2 2 2 1.358 1.358 1.358
PLRG1 043660 41 62 7 8 8 1.937 1.937 1.937
66 2 2 2 1.472 1.472 1.472
68 2 2 2 2.962 2.962 2.962
62 41 7 8 8 1.937 1.937 1.937
68 20 20 20 3.188 3.188 3.188
80 7 7 7 7.317 7.317 7.317
66 41 2 2 2 1.472 1.472 1.472
113 4 5 5 1.137 1.137 1.137
68 41 2 2 2 2.962 2.962 2.962
62 20 20 20 3.188 3.188 3.188
113 4 4 4 3.244 3.244 3.244
80 62 7 7 7 7.317 7.317 7.317
135 2 2 2 3.558 3.558 3.558
113 66 4 5 5 1.137 1.137 1.137
68 4 4 4 3.244 3.244 3.244
135 19 21 21 10.687 10.687 10.687
180 5 5 5 2.155 2.155 2.155
135 80 2 2 2 3.558 3.558 3.558
113 19 21 21 10.687 10.687 10.687
173 10 10 10 1.224 1.224 1.224
180 9 10 10 1.819 1.819 1.819
510 4 4 4 1.541 1.541 1.541
173 135 10 10 10 1.224 1.224 1.224
181 28 32 32 4.588 4.588 4.588
510 7 9 10 8.955 8.955 8.955
180 113 5 5 5 2.155 2.155 2.155
135 9 10 10 1.819 1.819 1.819
505 15 19 19 1.478 1.478 1.478
510 48 54 54 2.127 2.127 2.127
181 173 28 32 32 4.588 4.588 4.588
505 2 4 4 2.392 2.392 2.392
510 8 9 9 2.148 2.148 2.148
187 505 3 3 3 1.526 1.526 1.526
279 320 9 9 9 2.252 2.252 2.252
320 279 9 9 9 2.252 2.252 2.252
372 396 24 27 27 1.625 1.625 1.625
396 372 24 27 27 1.625 1.625 1.625
510 4 4 4 1.484 1.484 1.484
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505 180 15 19 19 1.478 1.478 1.478
181 2 4 4 2.392 2.392 2.392
187 3 3 3 1.526 1.526 1.526
512 3 4 0.287 0.287
510 135 4 4 4 1.541 1.541 1.541
173 7 9 10 8.955 8.955 8.955
180 48 54 54 2.127 2.127 2.127
181 8 9 9 2.148 2.148 2.148
396 4 4 4 1.484 1.484 1.484
512 505 3 4 0.287 0.287
PPIE QIUNP9 5 83 33 38 38 3.798 3.798 3.798
88 3 10 14 0.710 0.710 0.710
104 21 24 24 3.344 3.344 3.344
108 7 17 19 0.975 0.975 0.975
123 3 3 0.248 0.248
20 104 2 3 3 1.214 1.214 1.214
83 5 33 38 38 3.798 3.798 3.798
88 13 17 17 0.636 0.636 0.636
104 16 16 16 2.657 2.657 2.657
108 6 11 11 0.717 0.717 0.717
88 5 3 10 14 0.710 0.710 0.710
83 13 17 17 0.636 0.636 0.636
104 2 2 2 0.781 0.781 0.781
103 108 7 9 9 1.222 1.222 1.222
104 5 21 24 24 3.344 3.344 3.344
20 2 3 3 1.214 1.214 1.214
83 16 16 16 2.657 2.657 2.657
88 2 2 0.781 0.781 0.781
114 3 3 3 0.461 0.461 0.461
134 5 5 5 0.610 0.610 0.610
108 5 7 17 19 0.975 0.975 0.975
83 6 11 11 0.717 0.717 0.717
103 7 9 1.222 1.222 1.222
114 104 3 3 3 0.461 0.461 0.461
123 5 3 3 0.248 0.248
134 104 5 5 5 0.610 0.610 0.610
147 185 48 49 49 3.254 3.254 3.254
185 147 48 49 49 3.254 3.254 3.254
PPIL1 QIY3C6 34 80 5 5 5 1.337 1.337 1.337
52 158 231 298 303 2.371 2.371 2.371
80 34 5 5 5 1.337 1.337 1.337
158 52 231 298 303 2.371 2.371 2.371
PPIL2 Q13356 8 26 9 16 0.301 0.301
26 8 9 16 0.301 0.301
230 232 12 12 12 1.678 1.678 1.678
235 3 0.815 0.815
231 454 2 2 2 1.841 1.841 1.841
462 2 2 2 0.687 0.687 0.687
232 230 12 12 12 1.678 1.678 1.678
450 33 33 33 4.496 4.496 4.496
454 42 42 42 2.857 2.857 2.857
462 2 2 0.457 0.457
235 230 3 3 0.815 0.815
277 3 3 3 0.969 0.969 0.969
278 2 3 3 0.556 0.556 0.556
450 7 7 7 1.901 1.901 1.901
454 24 27 27 2.274 2.274 2.274
460 3 7 7 0.556 0.556 0.556
462 4 4 4 2.318 2.318 2.318
277 235 3 3 3 0.969 0.969 0.969
278 235 2 3 3 0.556 0.556 0.556
302 348 13 14 14 5.409 5.409 5.409
348 302 13 14 14 5.409 5.409 5.409
450 232 33 33 33 4.496 4.496 4.496
235 7 7 7 1.901 1.901 1.901
460 21 21 22 2.332 2.332 2.332
462 35 37 37 2.227 2.227 2.227
454 231 2 2 2 1.841 1.841 1.841
232 42 42 42 2.857 2.857 2.857
235 24 27 27 2.274 2.274 2.274
462 46 50 50 3.097 3.097 3.097
460 235 3 7 7 0.556 0.556 0.556
450 21 21 22 2.332 2.332 2.332
462 231 2 2 2 0.687 0.687 0.687
232 2 2 0.457 0.457
235 4 4 4 2.318 2.318 2.318
450 35 37 37 2.227 2.227 2.227
454 46 50 50 3.097 3.097 3.097
PPP1CA P62136 26 305 52 53 53 3.266 3.266 3.266
327 23 24 26 1.661 1.661 1.661
301 305 2 2 2 0.502 0.502 0.502
305 26 52 53 53 3.266 3.266 3.266
301 2 2 2 0.502 0.502 0.502
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327 14 14 14 1.559 1.559 1.559
327 26 23 24 26 1.661 1.661 1.661
305 14 14 14 1.559 1.559 1.559
PPP1CB P62140 25 301 4 5 5 1.588 1.588 1.588
303 15 17 17 1.959 1.959 1.959
326 2 2 0.233 0.233
301 25 4 5 5 1.588 1.588 1.588
303 25 15 17 17 1.959 1.959 1.959
326 25 2 2 0.233 0.233
PPP1RS8 Q12972 22 47 16 17 17 1.952 1.952 1.952
78 28 29 29 2.520 2.520 2.520
40 129 53 53 53 2.877 2.877 2.877
47 22 16 17 17 1.952 1.952 1.952
78 258 259 259 4.203 4.203 4.203
81 2 2 2 1.053 1.053 1.053
78 22 28 29 29 2.520 2.520 2.520
47 258 259 259 4.203 4.203 4.203
138 15 15 15 1.778 1.778 1.778
175 3 3 3 1.305 1.305 1.305
81 47 2 2 2 1.053 1.053 1.053
129 2 2 2 0.958 0.958 0.958
138 5 5 5 0.947 0.947 0.947
105 175 2 2 2 2.112 2.112 2.112
129 40 53 53 53 2.877 2.877 2.877
81 2 2 2 0.958 0.958 0.958
138 78 15 15 15 1.778 1.778 1.778
81 5 5 5 0.947 0.947 0.947
151 4 4 4 2.676 2.676 2.676
151 138 4 4 4 2.676 2.676 2.676
175 78 3 3 3 1.305 1.305 1.305
105 2 2 2 2.112 2.112 2.112
343 6 8 8 1.142 1.142 1.142
234 236 19 23 23 2.849 2.849 2.849
236 234 19 23 23 2.849 2.849 2.849
334 344 2 2 0.537 0.537
337 344 2 2 0.358 0.358
343 175 6 8 8 1.142 1.142 1.142
344 334 2 2 0.537 0.537
337 2 2 0.358 0.358
PQBP1 060828 2 18 20 20 20 3.382 3.382 3.382
18 2 20 20 20 3.382 3.382 3.382
87 102 19 20 22 2.892 2.892 2.892
109 8 15 15 1.258 1.258 1.258
116 12 19 19 1.594 1.594 1.594
123 9 11 11 1.164 1.164 1.164
148 2 2 0.504 0.504
90 102 17 22 23 1.105 1.105 1.105
123 2 2 2 1.427 1.427 1.427
102 87 19 20 22 2.892 2.892 2.892
90 17 22 23 1.105 1.105 1.105
109 28 29 29 2.833 2.833 2.833
116 28 29 29 2.430 2.430 2.430
123 14 14 14 1.556 1.556 1.556
137 1 1 0.546 0.546
109 87 8 15 15 1.258 1.258 1.258
102 28 29 29 2.833 2.833 2.833
116 9 12 12 1.997 1.997 1.997
123 18 20 20 2.161 2.161 2.161
148 5 6 6 1.609 1.609 1.609
116 87 12 19 19 1.594 1.594 1.594
102 28 29 29 2.430 2.430 2.430
109 9 12 12 1.997 1.997 1.997
123 46 46 46 3.450 3.450 3.450
137 10 13 13 0.847 0.847 0.847
148 47 50 50 3.263 3.263 3.263
189 10 10 10 2.484 2.484 2.484
192 5 5 5 2.460 2.460 2.460
223 3 3 0.472 0.472
228 10 13 13 1.027 1.027 1.027
262 3 4 4 0.480 0.480 0.480
123 87 9 11 11 1.164 1.164 1.164
90 2 2 2 1.427 1.427 1.427
102 14 14 14 1.556 1.556 1.556
109 18 20 20 2.161 2.161 2.161
116 46 46 46 3.450 3.450 3.450
130 3 4 4 1.720 1.720 1.720
137 12 14 14 0.941 0.941 0.941
148 14 16 16 1.518 1.518 1.518
167 2 2 0.399 0.399
189 2 2 2 1.076 1.076 1.076
228 3 3 3 1.007 1.007 1.007
130 123 3 4 4 1.720 1.720 1.720
137 102 1 1 0.546 0.546
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116 10 13 13 0.847 0.847 0.847

123 12 14 14 0.941 0.941 0.941

148 37 42 42 1.315 1.315 1.315

148 87 2 2 0.504 0.504
109 5 6 6 1.609 1.609 1.609

116 47 50 50 3.263 3.263 3.263

123 14 16 16 1.518 1.518 1.518

137 37 42 42 1.315 1.315 1.315

167 16 19 19 1.136 1.136 1.136

174 4 5 5 1.177 1.177 1.177

189 4 5 5 1.218 1.218 1.218

192 3 3 3 2.521 2.521 2.521

167 123 2 2 0.399 0.399
148 16 19 19 1.136 1.136 1.136

174 2 5 5 0.480 0.480 0.480

189 23 24 24 2.187 2.187 2.187

192 11 11 11 1.776 1.776 1.776

197 2 2 2 1.445 1.445 1.445

223 3 3 0.451 0.451

228 3 3 0.642 0.642

174 148 4 5 5 1.177 1.177 1.177
167 2 5 5 0.480 0.480 0.480

189 12 13 13 1.412 1.412 1.412

192 5 5 5 1.566 1.566 1.566

197 2 3 1.094 1.094 1.094

189 116 10 10 10 2.484 2.484 2.484
123 2 2 1.076 1.076 1.076

148 4 5 5 1.218 1.218 1.218

167 23 24 24 2.187 2.187 2.187

174 12 13 13 1.412 1.412 1.412

192 116 117 117 3.077 3.077 3.077

197 43 44 44 4.653 4.653 4.653

223 17 20 20 2.410 2.410 2.410

228 19 24 25 1.962 1.962 1.962

262 3 3 4 0.843 0.843 0.843

192 116 5 5 5 2.460 2.460 2.460
148 3 3 3 2.521 2.521 2.521

167 11 11 11 1.776 1.776 1.776

174 5 5 5 1.566 1.566 1.566

189 116 117 117 3.077 3.077 3.077

197 4 4 4 2.587 2.587 2.587

223 10 11 11 1.773 1.773 1.773

228 19 20 20 1.792 1.792 1.792

262 5 7 7 2.370 2.370 2.370

197 167 2 2 2 1.445 1.445 1.445
174 2 2 3 1.094 1.094 1.094

189 43 44 44 4.653 4.653 4.653

192 4 4 4 2.587 2.587 2.587

223 11 12 12 1.362 1.362 1.362

228 12 12 12 16.731 16.731 16.731

223 116 3 3 0.472 0.472
167 3 3 0.451 0.451

189 17 20 20 2.410 2.410 2.410

192 10 11 11 1.773 1.773 1.773

197 11 12 12 1.362 1.362 1.362

228 31 33 33 1.529 1.529 1.529

262 2 5 7 0.494 0.494 0.494

228 116 10 13 13 1.027 1.027 1.027
123 3 3 3 1.007 1.007 1.007

167 3 3 0.642 0.642

189 19 24 25 1.962 1.962 1.962

192 19 20 20 1.792 1.792 1.792

197 12 12 12 16.731 16.731 16.731

223 31 33 33 1.529 1.529 1.529

262 25 34 35 1.880 1.880 1.880

262 116 3 4 4 0.480 0.480 0.480
189 3 3 4 0.843 0.843 0.843

192 5 7 7 2.370 2.370 2.370

223 2 5 7 0.494 0.494 0.494

228 25 34 35 1.880 1.880 1.880

PRP17 060508 177 203 2 3 0.601 0.601
203 177 2 3 0.601 0.601
228 333 24 27 27 2.744 2.744 2.744
233 333 13 13 13 2.236 2.236 2.236
238 312 13 31 34 2.437 2.437 2.437
314 7 7 7 1.970 1.970 1.970

289 312 2 2 0.776 0.776
333 85 93 93 2.109 2.109 2.109

551 63 64 64 5.238 5.238 5.238

312 238 13 31 34 2.437 2.437 2.437
289 2 2 0.776 0.776

314 238 7 7 7 1.970 1.970 1.970
333 228 24 27 27 2.744 2.744 2.744
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233 13 13 13 2.236 2.236 2.236

289 85 93 93 2.109 2.109 2.109

374 1 1 1 1.471 1.471 1.471

374 333 1 1 1 1.471 1.471 1.471
398 26 27 27 2.362 2.362 2.362

398 374 26 27 27 2.362 2.362 2.362
531 547 6 6 6 1.746 1.746 1.746
547 531 6 6 6 1.746 1.746 1.746
551 289 63 64 64 5.238 5.238 5.238
PRP19 QIUMS4 1 425 2 3 0.353 0.353
64 76 3 3 3 3.200 3.200 3.200
76 64 3 3 3 3.200 3.200 3.200
122 135 27 27 27 7.016 7.016 7.016
179 55 58 58 2.989 2.989 2.989

192 71 71 71 3.369 3.369 3.369

244 86 86 86 3.657 3.657 3.657

261 40 41 41 3.177 3.177 3.177

265 34 36 36 2.689 2.689 2.689

266 57 59 59 3.747 3.747 3.747

380 28 30 30 3.100 3.100 3.100

423 1 1 1 1.254 1.254 1.254

425 34 36 36 1.519 1.519 1.519

428 7 7 7 2.460 2.460 2.460

135 122 27 27 27 7.016 7.016 7.016
135 4 4 6 2.352 2.352 2.352

179 14 14 14 2.662 2.662 2.662

192 19 19 19 15.970 15.970 15.970

244 50 51 51 12.810 12.810 12.810

261 11 12 12 12.714 12.714 12.714

265 5 10 10 0.892 0.892 0.892

266 12 12 12 8.408 8.408 8.408

380 4 7 7 1.314 1.314 1.314

423 14 14 14 2.329 2.329 2.329

425 19 25 25 5.991 5.991 5.991

179 122 55 58 58 2.989 2.989 2.989
135 14 14 14 2.662 2.662 2.662

192 183 195 195 5.759 5.759 5.759

244 86 88 88 4.331 4.331 4.331

261 6 6 6 2.990 2.990 2.990

265 31 32 32 1.507 1.507 1.507

266 19 19 19 4.044 4.044 4.044

425 11 11 11 1.258 1.258 1.258

189 200 72 143 154 1.525 1.525 1.525
425 25 28 28 1.460 1.460 1.460

192 122 71 71 71 3.369 3.369 3.369
135 19 19 19 15.970 15.970 15.970

179 183 195 195 5.759 5.759 5.759

244 38 38 38 3.295 3.295 3.295

261 10 10 10 2.775 2.775 2.775

265 15 15 15 1.413 1.413 1.413

266 12 12 12 4.817 4.817 4.817

423 59 59 60 2.720 2.720 2.720

425 53 71 71 2.482 2.482 2.482

463 81 81 81 30.792 30.792 30.792

200 189 72 143 154 1.525 1.525 1.525
463 15 15 15 5.716 5.716 5.716

206 244 2 2 0.717 0.717
244 122 86 86 86 3.657 3.657 3.657
135 50 51 51 12.810 12.810 12.810

179 86 88 88 4.331 4.331 4.331

192 38 38 38 3.295 3.295 3.295

206 2 2 0.717 0.717

244 6 0.213

261 359 361 361 5.387 5.387 5.387

265 802 874 877 10.209 10.209 10.209

266 191 195 195 22.729 22.729 22.729

380 8 8 8 1.356 1.356 1.356

425 2 2 2 0.509 0.509 0.509

261 122 40 41 41 3.177 3.177 3.177
135 11 12 12 12.714 12.714 12.714

179 6 6 6 2.990 2.990 2.990

192 10 10 10 2.775 2.775 2.775

244 359 361 361 5.387 5.387 5.387

265 3 3 0.487 0.487

266 17 17 17 2.313 2.313 2.313

265 122 34 36 36 2.689 2.689 2.689
135 5 10 10 0.892 0.892 0.892

179 31 32 32 1.507 1.507 1.507

192 15 15 15 1.413 1.413 1.413

244 802 874 877 10.209 10.209 10.209

261 3 3 0.487 0.487

266 31 36 37 1.296 1.296 1.296

266 122 57 59 59 3.747 3.747 3.747
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135 12 12 12 8.408 8.408 8.408
179 19 19 19 4.044 4.044 4.044
192 12 12 12 4.817 4.817 4.817
244 191 195 195 22.729 22.729 22.729
261 17 17 17 2.313 2.313 2.313
265 31 36 37 1.296 1.296 1.296
266 16 18 18 1.357 1.357 1.357
380 122 28 30 30 3.100 3.100 3.100
135 4 7 7 1.314 1.314 1.314
244 8 8 8 1.356 1.356 1.356
417 423 2 2 2 0.469 0.469 0.469
425 23 32 33 1.162 1.162 1.162
423 122 1 1 1 1.254 1.254 1.254
135 14 14 14 2.329 2.329 2.329
192 59 59 60 2.720 2.720 2.720
417 2 2 2 0.469 0.469 0.469
425 1 2 3 0.353 0.353
122 34 36 36 1.519 1.519 1.519
135 19 25 25 5.991 5.991 5.991
179 11 11 11 1.258 1.258 1.258
189 25 28 28 1.460 1.460 1.460
192 53 71 71 2.482 2.482 2.482
244 2 2 2 0.509 0.509 0.509
417 23 32 33 1.162 1.162 1.162
463 2 2 2 0.717 0.717 0.717
428 122 7 7 7 2.460 2.460 2.460
463 192 81 81 81 30.792 30.792 30.792
200 15 15 15 5.716 5.716 5.716
425 2 2 2 0.717 0.717 0.717
PRP38 Q8NAV1 92 118 64 67 67 3.744 3.744 3.744
97 131 67 68 68 2.837 2.837 2.837
118 92 64 67 67 3.744 3.744 3.744
131 97 67 68 68 2.837 2.837 2.837
PRP4B Q13523 111 117 4 4 4 3.177 3.177 3.177
117 111 4 4 4 3.177 3.177 3.177
168 177 15 26 27 1.127 1.127 1.127
181 3 6 6 1.924 1.924 1.924
170 181 8 13 15 0.680 0.680 0.680
177 168 15 26 27 1.127 1.127 1.127
181 168 3 6 1.924 1.924 1.924
170 8 13 15 0.680 0.680 0.680
202 2 2 0.294 0.294
198 200 2 3 3 1.076 1.076 1.076
202 12 16 16 1.837 1.837 1.837
209 4 5 5 0.772 0.772 0.772
199 202 6 6 6 1.549 1.549 1.549
200 198 2 3 3 1.076 1.076 1.076
202 181 2 2 0.294 0.294
198 12 16 16 1.837 1.837 1.837
199 6 6 6 1.549 1.549 1.549
211 22 23 23 1.839 1.839 1.839
209 198 4 5 5 0.772 0.772 0.772
211 202 22 23 23 1.839 1.839 1.839
254 268 4 4 4 1.867 1.867 1.867
262 990 2 2 0.152 0.152
268 254 4 4 4 1.867 1.867 1.867
393 625 2 2 0.571 0.571
551 915 6 6 6 1.790 1.790 1.790
593 747 10 10 11 1.921 1.921 1.921
608 625 14 14 14 2.239 2.239 2.239
626 19 20 20 3.950 3.950 3.950
656 3 3 3 1.611 1.611 1.611
780 61 67 67 2.625 2.625 2.625
783 76 76 76 3.752 3.752 3.752
790 13 13 13 2.596 2.596 2.596
827 2 2 2 0.659 0.659 0.659
625 393 2 2 0.571 0.571
608 14 14 14 2.239 2.239 2.239
656 2 3 3 1.098 1.098 1.098
659 2 2 1.478 1.478
783 17 17 17 3.014 3.014 3.014
892 23 24 24 1.581 1.581 1.581
936 3 3 3 1.545 1.545 1.545
626 608 19 20 20 3.950 3.950 3.950
656 5 5 5 1.217 1.217 1.217
659 6 6 6 1.886 1.886 1.886
780 5 5 5 1.856 1.856 1.856
783 23 23 23 3.470 3.470 3.470
892 27 27 27 2.783 2.783 2.783
936 4 4 4 3.500 3.500 3.500
656 608 3 3 3 1.611 1.611 1.611
625 2 3 3 1.098 1.098 1.098
626 5 5 5 1.217 1.217 1.217

Continued on next page



156 SUPPLEMENTARY INFORMATION

Table B.2 — Continued from previous page

Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID
685 8 8 8 1.271 1.271 1.271
717 25 27 27 2.579 2.579 2.579
727 7 9 9 1.073 1.073 1.073
760 6 6 6 1.430 1.430 1.430
780 18 18 18 1.609 1.609 1.609
783 25 25 25 2.834 2.834 2.834
817 3 4 4 1.275 1.275 1.275
892 44 45 45 2.624 2.624 2.624
936 6 7 8 3.261 3.261 3.261
659 625 2 2 1.478 1.478
626 6 6 6 1.886 1.886 1.886
685 5 6 6 0.825 0.825 0.825
717 6 6 6 1.341 1.341 1.341
760 11 11 11 1.803 1.803 1.803
780 16 16 16 2.571 2.571 2.571
783 13 13 13 2.359 2.359 2.359
892 37 38 38 2.129 2.129 2.129
936 3 3 3 2.301 2.301 2.301
685 656 8 8 8 1.271 1.271 1.271
659 5 6 6 0.825 0.825 0.825
737 2 2 0.341 0.341
760 98 114 116 2.944 2.944 2.944
717 656 25 27 27 2.579 2.579 2.579
659 6 6 6 1.341 1.341 1.341
727 656 7 9 9 1.073 1.073 1.073
737 3 3 3 1.830 1.830 1.830
738 22 22 22 2.495 2.495 2.495
731 738 18 18 18 4.065 4.065 4.065
737 685 2 2 0.341 0.341
727 3 3 3 1.830 1.830 1.830
738 727 22 22 22 2.495 2.495 2.495
731 18 18 18 4.065 4.065 4.065
747 593 10 10 11 1.921 1.921 1.921
804 44 47 47 2.179 2.179 2.179
760 656 6 6 6 1.430 1.430 1.430
659 11 11 11 1.803 1.803 1.803
685 98 114 116 2.944 2.944 2.944
780 608 61 67 67 2.625 2.625 2.625
626 5 5 5 1.856 1.856 1.856
656 18 18 18 1.609 1.609 1.609
659 16 16 16 2.571 2.571 2.571
827 24 25 26 1.344 1.344 1.344
783 608 76 76 76 3.752 3.752 3.752
625 17 17 17 3.014 3.014 3.014
626 23 23 23 3.470 3.470 3.470
656 25 25 25 2.834 2.834 2.834
659 13 13 13 2.359 2.359 2.359
892 13 14 14 2.007 2.007 2.007
790 608 13 13 13 2.596 2.596 2.596
827 7 8 8 2.209 2.209 2.209
972 2 2 2 2.587 2.587 2.587
1006 33 33 33 4.463 4.463 4.463
804 747 44 47 47 2.179 2.179 2.179
817 6 7 7 2.415 2.415 2.415
1006 3 3 3 1.948 1.948 1.948
817 656 3 4 4 1.275 1.275 1.275
804 6 7 7 2.415 2.415 2.415
827 608 2 2 2 0.659 0.659 0.659
780 24 25 26 1.344 1.344 1.344
790 7 8 8 2.209 2.209 2.209
864 911 2 2 2 1.437 1.437 1.437
915 17 17 17 3.640 3.640 3.640
892 625 23 24 24 1.581 1.581 1.581
626 27 27 27 2.783 2.783 2.783
656 44 45 45 2.624 2.624 2.624
659 37 38 38 2.129 2.129 2.129
783 13 14 14 2.007 2.007 2.007
936 120 120 120 3.438 3.438 3.438
942 35 35 35 3.135 3.135 3.135
905 911 3 3 3 1.347 1.347 1.347
907 990 10 10 10 2.138 2.138 2.138
911 864 2 2 2 1.437 1.437 1.437
905 3 3 3 1.347 1.347 1.347
915 149 153 153 8.649 8.649 8.649
990 140 151 152 2.829 2.829 2.829
915 551 6 6 6 1.790 1.790 1.790
864 17 17 17 3.640 3.640 3.640
911 149 153 153 8.649 8.649 8.649
990 104 106 106 5.628 5.628 5.628
936 625 3 3 3 1.545 1.545 1.545
626 4 4 4 3.500 3.500 3.500
656 6 7 8 3.261 3.261 3.261
659 3 3 3 2.301 2.301 2.301
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892 120 120 120 3.438 3.438 3.438

942 23 24 24 2.688 2.688 2.688

942 892 35 35 35 3.135 3.135 3.135
936 23 24 24 2.688 2.688 2.688

972 790 2 2 2 2.587 2.587 2.587
990 262 2 2 0.152 0.152
907 10 10 10 2.138 2.138 2.138

911 140 151 152 2.829 2.829 2.829

915 104 106 106 5.628 5.628 5.628

1006 790 33 33 33 4.463 4.463 4.463
804 3 3 3 1.948 1.948 1.948

PRPS8 Q6P2Q9 29 36 T e 7 4.423 4.423 4.423
33 36 10 10 10 2.368 2.368 2.368
36 29 7 77 77 4.423 4.423 4.423
33 10 10 10 2.368 2.368 2.368

43 48 25 35 35 1.173 1.173 1.173
50 22 23 23 2.397 2.397 2.397

48 43 25 35 35 1.173 1.173 1.173
50 10 16 17 0.907 0.907 0.907

58 2 2 0.374 0.374

50 43 22 23 23 2.397 2.397 2.397
48 10 16 17 0.907 0.907 0.907

480 2 2 2 2.068 2.068 2.068

58 48 2 2 0.374 0.374
85 93 2 2 2 0.599 0.599 0.599
480 2 2 1.055 1.055

93 85 2 2 2 0.599 0.599 0.599
666 13 14 14 1.836 1.836 1.836

101 744 2 2 0.163 0.163
773 4 5 5 1.057 1.057 1.057

278 449 3 3 3 1.372 1.372 1.372
442 609 53 53 53 3.316 3.316 3.316
449 278 3 3 3 1.372 1.372 1.372
480 50 2 2 2 2.068 2.068 2.068
85 2 2 1.055 1.055

511 533 2 4 4 0.780 0.780 0.780
666 27 29 29 2.780 2.780 2.780

670 5 5 5 1.443 1.443 1.443

533 511 2 4 4 0.780 0.780 0.780
606 1838 2 2 0.385 0.385
609 442 53 53 53 3.316 3.316 3.316
623 4 4 4 2.672 2.672 2.672

623 609 4 4 4 2.672 2.672 2.672
666 93 13 14 14 1.836 1.836 1.836
511 27 29 29 2.780 2.780 2.780

674 6 6 6 1.973 1.973 1.973

670 511 5 5 5 1.443 1.443 1.443
674 666 6 6 6 1.973 1.973 1.973
774 30 30 31 4.083 4.083 4.083

721 746 59 61 61 3.080 3.080 3.080
774 43 43 43 4.032 4.032 4.032

1020 10 10 10 2.541 2.541 2.541

727 744 2 3 3 1.038 1.038 1.038
744 101 2 2 0.163 0.163
727 2 3 3 1.038 1.038 1.038

746 721 59 61 61 3.080 3.080 3.080
774 102 105 105 3.541 3.541 3.541

769 774 15 16 17 2.219 2.219 2.219
853 82 89 89 3.821 3.821 3.821

1020 5 5 5 1.332 1.332 1.332

1262 89 90 90 2.299 2.299 2.299

1449 100 100 100 3.261 3.261 3.261

2140 2 2 0.352 0.352

773 101 4 5 5 1.057 1.057 1.057
853 21 29 30 1.038 1.038 1.038

1020 46 52 52 1.462 1.462 1.462

1262 20 20 21 1.300 1.300 1.300

1449 22 24 24 1.537 1.537 1.537

774 674 30 30 31 4.083 4.083 4.083
721 43 43 43 4.032 4.032 4.032

746 102 105 105 3.541 3.541 3.541

769 15 16 17 2.219 2.219 2.219

1020 134 139 140 3.037 3.037 3.037

833 932 29 29 29 1.912 1.912 1.912
853 769 82 89 89 3.821 3.821 3.821
773 21 29 30 1.038 1.038 1.038

1262 2 2 2 0.985 0.985 0.985

1320 55 63 64 2.393 2.393 2.393

1449 88 92 92 2.505 2.505 2.505

1463 37 44 44 2.032 2.032 2.032

1505 64 71 72 2.277 2.277 2.277

882 892 26 27 27 3.186 3.186 3.186
892 882 26 27 27 3.186 3.186 3.186
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932 833 29 29 29 1.912 1.912 1.912
983 1158 89 94 94 4.846 4.846 4.846
987 1158 99 105 105 3.960 3.960 3.960
1020 721 10 10 10 2.541 2.541 2.541
769 5 5 5 1.332 1.332 1.332
773 46 52 52 1.462 1.462 1.462
774 134 139 140 3.037 3.037 3.037
1131 1158 2 3 3 1.239 1.239 1.239
1132 1344 2 2 2 2.554 2.554 2.554
1463 2 0.113
2113 3 7 7 0.449 0.449 0.449
1144 1180 21 21 21 3.530 3.530 3.530
1158 983 89 94 94 4.846 4.846 4.846
987 99 105 105 3.960 3.960 3.960
1131 2 3 3 1.239 1.239 1.239
1180 1144 21 21 21 3.530 3.530 3.530
1262 769 89 90 90 2.299 2.299 2.299
773 20 20 21 1.300 1.300 1.300
853 2 2 2 0.985 0.985 0.985
1290 1449 2 3 3 0.567 0.567 0.567
1320 853 55 63 64 2.393 2.393 2.393
1463 80 85 86 3.076 3.076 3.076
1344 1132 2 2 2 2.554 2.554 2.554
1735 135 135 135 4.372 4.372 4.372
1838 9 10 10 1.497 1.497 1.497
1449 769 100 100 100 3.261 3.261 3.261
773 22 24 24 1.537 1.537 1.537
853 88 92 92 2.505 2.505 2.505
1290 2 3 3 0.567 0.567 0.567
1463 42 43 43 3.956 3.956 3.956
1463 853 37 44 44 2.032 2.032 2.032
1132 2 0.113
1320 80 85 86 3.076 3.076 3.076
1449 42 43 43 3.956 3.956 3.956
1505 2 2 2 1.369 1.369 1.369
1505 853 64 71 72 2.277 2.277 2.277
1463 2 2 2 1.369 1.369 1.369
1735 1344 135 135 135 4.372 4.372 4.372
2244 66 67 67 2.214 2.214 2.214
2249 61 62 62 3.134 3.134 3.134
1801 1831 2 4 4 1.044 1.044 1.044
1820 1840 24 24 24 3.458 3.458 3.458
1831 1801 2 4 4 1.044 1.044 1.044
1838 20 21 21 1.213 1.213 1.213
1840 34 35 35 3.524 3.524 3.524
1838 606 2 2 0.385 0.385
1344 9 10 10 1.497 1.497 1.497
1831 20 21 21 1.213 1.213 1.213
1866 52 53 53 4.246 4.246 4.246
2031 6 6 6 0.785 0.785 0.785
2034 34 34 34 2.032 2.032 2.032
2049 2 2 2 1.078 1.078 1.078
2098 2 2 2 1.503 1.503 1.503
2249 8 10 10 1.217 1.217 1.217
1840 1820 24 24 24 3.458 3.458 3.458
1831 34 35 35 3.524 3.524 3.524
1993 3 3 0.282 0.282
1859 1885 3 3 3 2.506 2.506 2.506
2034 1 2 2 1.825 1.825 1.825
1866 1838 52 53 53 4.246 4.246 4.246
2034 6 6 6 4.164 4.164 4.164
1885 1859 3 3 3 2.506 2.506 2.506
1901 1955 1 1 1 1.256 1.256 1.256
1955 1901 1 1 1 1.256 1.256 1.256
1978 2034 4 4 1.646 1.646
2249 5 6 6 14.929 14.929 14.929
1984 2034 5 5 2.247 2.247 2.247
2249 15 15 16 2.869 2.869 2.869
1993 1840 3 3 0.282 0.282
2031 1838 6 6 6 0.785 0.785 0.785
2034 1838 34 34 34 2.032 2.032 2.032
1859 1 2 2 1.825 1.825 1.825
1866 6 6 6 4.164 4.164 4.164
1978 4 4 1.646 1.646
1984 5 5 5 2.247 2.247 2.247
2049 12 12 12 3.082 3.082 3.082
2070 3 3 3 2.736 2.736 2.736
2049 1838 2 2 2 1.078 1.078 1.078
2034 12 12 12 3.082 3.082 3.082
2249 3 3 3 1.398 1.398 1.398
2070 2034 3 3 3 2.736 2.736 2.736
2098 1838 2 2 2 1.503 1.503 1.503
2113 1132 3 7 7 0.449 0.449 0.449
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2140 769 2 2 0.352 0.352
2198 2244 5 6 7 1.346 1.346 1.346
2244 1735 66 67 67 2.214 2.214 2.214
2198 5 6 7 1.346 1.346 1.346
2249 1735 61 62 62 3.134 3.134 3.134
1838 8 10 10 1.217 1.217 1.217
1978 5 6 6 14.929 14.929 14.929
1984 15 15 16 2.869 2.869 2.869
2049 3 3 3 1.398 1.398 1.398
RBM22 QINW64 76 109 2 3 3 0.568 0.568 0.568
114 2 2 0.258 0.258
139 4 6 6 0.799 0.799 0.799
78 139 7 7 7 2.730 2.730 2.730
104 114 26 26 26 3.521 3.521 3.521
139 21 22 22 1.300 1.300 1.300
149 48 48 48 2.925 2.925 2.925
286 18 18 18 2.528 2.528 2.528
109 76 2 3 3 0.568 0.568 0.568
139 12 14 14 2.186 2.186 2.186
149 12 13 13 1.352 1.352 1.352
286 7 8 9 2.085 2.085 2.085
114 76 2 2 0.258 0.258
104 26 26 26 3.521 3.521 3.521
139 19 19 20 2.363 2.363 2.363
149 8 10 10 3.178 3.178 3.178
286 19 20 20 3.425 3.425 3.425
139 76 4 6 6 0.799 0.799 0.799
78 7 7 7 2.730 2.730 2.730
104 21 22 22 1.300 1.300 1.300
109 12 14 14 2.186 2.186 2.186
114 19 19 20 2.363 2.363 2.363
229 3 4 4 2.232 2.232 2.232
286 14 15 15 1.531 1.531 1.531
290 3 4 4 1.314 1.314 1.314
149 104 48 48 48 2.925 2.925 2.925
109 12 13 13 1.352 1.352 1.352
114 8 10 10 3.178 3.178 3.178
158 5 9 9 1.131 1.131 1.131
286 11 11 11 2.547 2.547 2.547
290 8 9 9 1.891 1.891 1.891
301 10 11 11 1.918 1.918 1.918
158 149 5 9 9 1.131 1.131 1.131
212 2 2 0.782 0.782
290 4 5 5 1.299 1.299 1.299
212 158 2 2 0.782 0.782
229 139 3 4 4 2.232 2.232 2.232
286 104 18 18 18 2.528 2.528 2.528
109 7 8 9 2.085 2.085 2.085
114 19 20 20 3.425 3.425 3.425
139 14 15 15 1.531 1.531 1.531
149 11 11 11 2.547 2.547 2.547
290 139 3 4 4 1.314 1.314 1.314
149 8 9 9 1.891 1.891 1.891
158 4 5 5 1.299 1.299 1.299
301 149 10 11 11 1.918 1.918 1.918
313 6 6 6 1.197 1.197 1.197
315 3 3 3 1.361 1.361 1.361
313 301 6 6 6 1.197 1.197 1.197
315 301 3 3 3 1.361 1.361 1.361
RED Q13123 1 305 2 0.169
30 38 13 16 16 2.303 2.303 2.303
38 30 13 16 16 2.303 2.303 2.303
54 4 4 4 1.643 1.643 1.643
54 38 4 4 4 1.643 1.643 1.643
112 142 2 2 0.388 0.388
137 151 5 9 9 0.795 0.795 0.795
142 112 2 2 0.388 0.388
151 7 13 14 1.221 1.221 1.221
164 2 3 4 0.642 0.642 0.642
151 137 5 9 9 0.795 0.795 0.795
142 7 13 14 1.221 1.221 1.221
173 6 6 6 1.732 1.732 1.732
164 142 2 3 4 0.642 0.642 0.642
173 151 6 6 6 1.732 1.732 1.732
181 11 11 11 1.881 1.881 1.881
181 173 11 11 11 1.881 1.881 1.881
191 197 25 27 27 2.493 2.493 2.493
198 34 36 36 3.358 3.358 3.358
205 25 26 26 2.053 2.053 2.053
209 24 24 24 2.261 2.261 2.261
222 2 7 7 0.632 0.632 0.632
194 198 110 117 118 4.046 4.046 4.046
205 41 48 49 1.721 1.721 1.721
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209 43 48 48 2.397 2.397 2.397
222 20 30 30 1.775 1.775 1.775
224 9 11 11 1.588 1.588 1.588
509 2 3 0.170 0.170
197 191 25 27 27 2.493 2.493 2.493
222 16 19 19 1.658 1.658 1.658
198 191 34 36 36 3.358 3.358 3.358
194 110 117 118 4.046 4.046 4.046
222 72 75 75 2.429 2.429 2.429
224 22 23 23 1.992 1.992 1.992
205 191 25 26 26 2.053 2.053 2.053
194 41 48 49 1.721 1.721 1.721
222 101 116 117 2.370 2.370 2.370
224 12 12 12 2.232 2.232 2.232
209 191 24 24 24 2.261 2.261 2.261
194 43 48 48 2.397 2.397 2.397
222 5 6 6 1.110 1.110 1.110
222 191 2 7 7 0.632 0.632 0.632
194 20 30 30 1.775 1.775 1.775
197 16 19 19 1.658 1.658 1.658
198 72 75 75 2.429 2.429 2.429
205 101 116 117 2.370 2.370 2.370
209 5 6 6 1.110 1.110 1.110
224 194 9 11 11 1.588 1.588 1.588
198 22 23 23 1.992 1.992 1.992
205 12 12 12 2.232 2.232 2.232
281 303 11 11 11 2.292 2.292 2.292
305 4 4 4 2.310 2.310 2.310
303 281 11 11 11 2.292 2.292 2.292
305 1 2 0.169
281 4 4 4 2.310 2.310 2.310
378 386 25 28 28 1.988 1.988 1.988
388 4 4 4 0.942 0.942 0.942
404 4 4 4 1.206 1.206 1.206
379 386 10 19 19 1.173 1.173 1.173
388 4 4 5 1.238 1.238 1.238
398 5 6 6 0.832 0.832 0.832
386 378 25 28 28 1.988 1.988 1.988
379 10 19 19 1.173 1.173 1.173
398 14 18 18 1.775 1.775 1.775
404 17 17 17 1.992 1.992 1.992
408 7 7 8 1.890 1.890 1.890
388 378 4 4 4 0.942 0.942 0.942
379 4 4 5 1.238 1.238 1.238
398 379 5 6 6 0.832 0.832 0.832
386 14 18 18 1.775 1.775 1.775
408 23 24 24 2.835 2.835 2.835
413 27 27 27 14.887 14.887 14.887
427 6 6 6 1.698 1.698 1.698
432 4 4 4 1.492 1.492 1.492
404 378 4 4 4 1.206 1.206 1.206
386 17 17 17 1.992 1.992 1.992
413 29 30 30 4.196 4.196 4.196
427 13 13 13 1.929 1.929 1.929
432 4 4 4 2.410 2.410 2.410
534 2 2 2 0.476 0.476 0.476
408 386 7 7 8 1.890 1.890 1.890
398 23 24 24 2.835 2.835 2.835
427 13 13 13 1.124 1.124 1.124
428 2 3 3 0.890 0.890 0.890
432 7 10 10 1.322 1.322 1.322
413 398 27 27 27 14.887 14.887 14.887
404 29 30 30 4.196 4.196 4.196
427 398 6 6 6 1.698 1.698 1.698
404 13 13 13 1.929 1.929 1.929
408 13 13 13 1.124 1.124 1.124
428 408 2 3 3 0.890 0.890 0.890
432 398 4 4 4 1.492 1.492 1.492
404 4 4 4 2.410 2.410 2.410
408 7 10 10 1.322 1.322 1.322
474 496 20 20 20 1.813 1.813 1.813
509 13 13 13 1.519 1.519 1.519
520 10 10 11 1.233 1.233 1.233
475 496 23 23 23 1.931 1.931 1.931
501 16 16 16 3.532 3.532 3.532
509 20 21 21 2.142 2.142 2.142
520 8 8 8 3.436 3.436 3.436
525 2 2 2 1.241 1.241 1.241
534 2 2 2 3.476 3.476 3.476
496 474 20 20 20 1.813 1.813 1.813
475 23 23 23 1.931 1.931 1.931
509 7 7 7 1.299 1.299 1.299
501 475 16 16 16 3.532 3.532 3.532
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509 194 2 3 0.170 0.170
474 13 13 13 1.519 1.519 1.519

475 20 21 21 2.142 2.142 2.142

496 7 7 7 1.299 1.299 1.299

520 34 34 34 2.936 2.936 2.936

534 3 3 3 2.471 2.471 2.471

520 474 10 10 11 1.233 1.233 1.233
475 8 8 8 3.436 3.436 3.436

509 34 34 34 2.936 2.936 2.936

533 2 3 3 0.958 0.958 0.958

534 29 29 29 4.860 4.860 4.860

525 475 2 2 2 1.241 1.241 1.241
533 7 10 11 0.716 0.716 0.716

533 520 2 3 3 0.958 0.958 0.958
525 7 10 11 0.716 0.716 0.716

541 22 23 23 1.751 1.751 1.751

534 404 2 2 2 0.476 0.476 0.476
475 2 2 2 3.476 3.476 3.476

509 3 3 3 2.471 2.471 2.471

520 29 29 29 4.860 4.860 4.860

544 6 6 6 3.360 3.360 3.360

556 3 3 3 1.192 1.192 1.192

541 533 22 23 23 1.751 1.751 1.751
544 42 43 43 4.222 4.222 4.222

553 28 30 30 3.682 3.682 3.682

556 7 9 9 0.691 0.691 0.691

544 534 6 6 6 3.360 3.360 3.360
541 42 43 43 4.222 4.222 4.222

556 7 8 8 1.184 1.184 1.184

553 541 28 30 30 3.682 3.682 3.682
556 534 3 3 3 1.192 1.192 1.192
541 7 9 9 0.691 0.691 0.691

544 7 8 8 1.184 1.184 1.184

SF3A1 Q15459 1 424 2 2 0.219 0.219
2 30 6 7 7 3.171 3.171 3.171
55 3 3 3 2.757 2.757 2.757

102 15 15 15 2.253 2.253 2.253

105 2 2 1.161 1.161 1.161

115 16 16 16 2.956 2.956 2.956

131 5 5 5 2.351 2.351 2.351

20 102 2 2 2 2.436 2.436 2.436
30 2 6 7 7 3.171 3.171 3.171
97 15 17 17 1.213 1.213 1.213

102 22 26 27 1.037 1.037 1.037

105 14 21 21 2.030 2.030 2.030

115 10 10 10 5.294 5.294 5.294

37 97 14 14 14 1.298 1.298 1.298
102 14 17 17 1.368 1.368 1.368

105 3 3 3 1.637 1.637 1.637

115 12 12 12 2.817 2.817 2.817

55 2 3 3 3 2.757 2.757 2.757
80 153 157 158 6.078 6.078 6.078

97 84 85 85 3.144 3.144 3.144

102 4 4 4 3.018 3.018 3.018

105 127 129 129 3.230 3.230 3.230

115 38 38 38 2.722 2.722 2.722

131 7 7 7 2.132 2.132 2.132

80 55 153 157 158 6.078 6.078 6.078
115 31 31 31 5.066 5.066 5.066

131 3 3 3 3.311 3.311 3.311

97 30 15 17 17 1.213 1.213 1.213
37 14 14 14 1.298 1.298 1.298

55 84 85 85 3.144 3.144 3.144

105 56 65 65 2.942 2.942 2.942

115 8 11 12 1.638 1.638 1.638

102 2 15 15 15 2.253 2.253 2.253
20 2 2 2 2.436 2.436 2.436

30 22 26 27 1.037 1.037 1.037

37 14 17 17 1.368 1.368 1.368

55 4 4 4 3.018 3.018 3.018

115 44 45 45 1.993 1.993 1.993

131 14 15 15 1.539 1.539 1.539

188 3 4 0.353 0.353

105 2 2 2 2 1.161 1.161 1.161
30 14 21 21 2.030 2.030 2.030

37 3 3 3 1.637 1.637 1.637

55 127 129 129 3.230 3.230 3.230

97 56 65 65 2.942 2.942 2.942

131 3 3 3 1.509 1.509 1.509

115 2 16 16 16 2.956 2.956 2.956
30 10 10 10 5.294 5.294 5.294

37 12 12 12 2.817 2.817 2.817

55 38 38 38 2.722 2.722 2.722
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80 31 31 31 5.066 5.066 5.066
97 8 11 12 1.638 1.638 1.638
102 44 45 45 1.993 1.993 1.993
131 2 5 5 5 2.351 2.351 2.351
55 7 7 7 2.132 2.132 2.132
80 3 3 3 3.311 3.311 3.311
102 14 15 15 1.539 1.539 1.539
105 3 3 3 1.509 1.509 1.509
223 2 3 3 1.193 1.193 1.193
230 3 5 5 1.588 1.588 1.588
231 25 25 25 2.504 2.504 2.504
251 10 10 10 1.271 1.271 1.271
258 4 4 4 1.632 1.632 1.632
259 32 32 32 2.027 2.027 2.027
144 251 30 32 32 1.678 1.678 1.678
259 26 27 27 9.195 9.195 9.195
188 102 3 4 0.353 0.353
223 131 2 3 3 1.193 1.193 1.193
230 32 34 34 1.705 1.705 1.705
231 268 277 277 2.541 2.541 2.541
228 231 47 47 47 2.972 2.972 2.972
230 131 3 5 5 1.588 1.588 1.588
223 32 34 34 1.705 1.705 1.705
231 131 25 25 25 2.504 2.504 2.504
223 268 277 277 2.541 2.541 2.541
228 47 47 47 2.972 2.972 2.972
251 131 10 10 10 1.271 1.271 1.271
144 30 32 32 1.678 1.678 1.678
258 146 146 146 4.306 4.306 4.306
259 40 46 46 3.412 3.412 3.412
258 131 4 4 4 1.632 1.632 1.632
251 146 146 146 4.306 4.306 4.306
259 131 32 32 32 2.027 2.027 2.027
144 26 27 27 9.195 9.195 9.195
251 40 46 46 3.412 3.412 3.412
391 399 30 30 30 2.674 2.674 2.674
419 45 52 53 2.195 2.195 2.195
424 44 49 49 2.083 2.083 2.083
449 6 6 6 2.085 2.085 2.085
396 424 27 30 30 2.102 2.102 2.102
449 2 2 2 2.132 2.132 2.132
399 391 30 30 30 2.674 2.674 2.674
424 76 80 80 3.466 3.466 3.466
449 13 14 14 4.494 4.494 4.494
499 2 2 2 4.232 4.232 4.232
419 391 45 52 53 2.195 2.195 2.195
449 9 9 9 2.412 2.412 2.412
467 13 13 13 2.742 2.742 2.742
486 5 6 6 2.719 2.719 2.719
487 9 9 9 2.325 2.325 2.325
499 2 2 2 2.809 2.809 2.809
533 5 5 6 1.129 1.129 1.129
424 1 2 2 0.219 0.219
391 44 49 49 2.083 2.083 2.083
396 27 30 30 2.102 2.102 2.102
399 76 80 80 3.466 3.466 3.466
449 52 52 52 3.223 3.223 3.223
467 5 5 5 2.034 2.034 2.034
486 7 7 7 2.528 2.528 2.528
487 26 26 26 3.960 3.960 3.960
499 20 20 20 2.961 2.961 2.961
533 18 18 18 2.729 2.729 2.729
449 391 6 6 6 2.085 2.085 2.085
396 2 2 2 2.132 2.132 2.132
399 13 14 14 4.494 4.494 4.494
419 9 9 9 2.412 2.412 2.412
424 52 52 52 3.223 3.223 3.223
486 4 4 4 2.920 2.920 2.920
487 8 8 8 2.604 2.604 2.604
499 2 2 2 3.064 3.064 3.064
533 7 7 7 1.635 1.635 1.635
467 419 13 13 13 2.742 2.742 2.742
424 5 5 5 2.034 2.034 2.034
486 20 22 22 4.000 4.000 4.000
487 11 11 11 4.564 4.564 4.564
486 419 5 6 6 2.719 2.719 2.719
424 7 7 7 2.528 2.528 2.528
449 4 4 4 2.920 2.920 2.920
467 20 22 22 4.000 4.000 4.000
495 46 48 48 3.431 3.431 3.431
499 50 51 51 23.334 23.334 23.334
533 16 16 16 2.957 2.957 2.957
487 419 9 9 9 2.325 2.325 2.325

Continued on next page



163

Table B.2 — Continued from previous page

Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID

424 26 26 26 3.960 3.960 3.960
449 8 8 8 2.604 2.604 2.604
467 11 11 11 4.564 4.564 4.564
531 8 8 8 3.471 3.471 3.471
533 22 22 22 3.433 3.433 3.433
495 486 46 48 48 3.431 3.431 3.431
533 13 14 14 2.777 2.777 2.777
499 399 2 2 2 4.232 4.232 4.232
419 2 2 2 2.809 2.809 2.809
424 20 20 20 2.961 2.961 2.961
449 2 2 2 3.064 3.064 3.064
486 50 51 51 23.334 23.334 23.334
531 9 9 9 3.232 3.232 3.232
533 66 66 66 3.889 3.889 3.889
542 4 5 5 0.638 0.638 0.638
531 487 8 8 8 3.471 3.471 3.471
499 9 9 9 3.232 3.232 3.232
533 419 5 5 6 1.129 1.129 1.129
424 18 18 18 2.729 2.729 2.729
449 7 7 7 1.635 1.635 1.635
486 16 16 16 2.957 2.957 2.957
487 22 22 22 3.433 3.433 3.433
495 13 14 14 2.777 2.777 2.777
499 66 66 66 3.889 3.889 3.889
542 499 4 5 5 0.638 0.638 0.638
717 754 3 3 3 0.708 0.708 0.708
754 717 3 3 3 0.708 0.708 0.708
SF3A2 Q15428 10 7 5 6 6 2.107 2.107 2.107
88 3 3 3 1.025 1.025 1.025
91 16 16 16 2.894 2.894 2.894
101 2 2 2 0.723 0.723 0.723
77 10 5 6 6 2.107 2.107 2.107
88 10 3 3 3 1.025 1.025 1.025
91 10 16 16 16 2.894 2.894 2.894
103 2 2 2 1.002 1.002 1.002
101 10 2 2 2 0.723 0.723 0.723
108 43 46 46 2.539 2.539 2.539
103 91 2 2 2 1.002 1.002 1.002
108 31 33 33 2.910 2.910 2.910
108 101 43 46 46 2.539 2.539 2.539
103 31 33 33 2.910 2.910 2.910
190 213 14 15 15 2.330 2.330 2.330
194 216 7 7 7 2.554 2.554 2.554
213 190 14 15 15 2.330 2.330 2.330
216 194 7 7 7 2.554 2.554 2.554
SF3A3 Q12874 24 115 3 3 3 2.216 2.216 2.216
89 97 54 59 59 1.817 1.817 1.817
92 97 3 5 6 1.761 1.761 1.761
463 10 11 11 1.097 1.097 1.097
97 89 54 59 59 1.817 1.817 1.817
92 3 5 6 1.761 1.761 1.761
463 10 10 10 1.335 1.335 1.335
115 24 3 3 3 2.216 2.216 2.216
153 306 2 3 3 0.463 0.463 0.463
175 306 4 4 0.395 0.395
308 10 10 10 1.833 1.833 1.833
264 303 26 26 26 2.626 2.626 2.626
306 10 12 12 0.993 0.993 0.993
308 5 5 5 2.010 2.010 2.010
291 308 4 5 5 1.834 1.834 1.834
303 264 26 26 26 2.626 2.626 2.626
308 9 10 10 1.040 1.040 1.040
306 153 2 3 3 0.463 0.463 0.463
175 4 4 0.395 0.395
264 10 12 12 0.993 0.993 0.993
308 175 10 10 10 1.833 1.833 1.833
264 5 5 5 2.010 2.010 2.010
291 4 5 5 1.834 1.834 1.834
303 9 10 10 1.040 1.040 1.040
463 92 10 11 11 1.097 1.097 1.097
97 10 10 10 1.335 1.335 1.335
489 496 2 2 0.600 0.600
496 489 2 2 0.600 0.600
SF3B1 075533 3 21 22 22 22 5.588 5.588 5.588
22 13 13 13 2.162 2.162 2.162
81 6 6 6 1.369 1.369 1.369
943 24 28 30 2.492 2.492 2.492
6 21 12 14 14 2.284 2.284 2.284
22 21 21 21 4.158 4.158 4.158
858 12 12 12 3.801 3.801 3.801
21 3 22 22 22 5.588 5.588 5.588
6 12 14 14 2.284 2.284 2.284
943 5 7 7 1.820 1.820 1.820
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22 3 13 13 13 2.162 2.162 2.162
6 21 21 21 4.158 4.158 4.158
943 13 13 13 1.526 1.526 1.526
81 3 6 6 6 1.369 1.369 1.369
120 7 8 8 1.596 1.596 1.596
163 2 2 2 1.268 1.268 1.268
111 866 8 8 8 12.335 12.335 12.335
120 81 7 8 8 1.596 1.596 1.596
163 13 14 14 2.885 2.885 2.885
177 7 7 7 1.725 1.725 1.725
141 163 5 8 8 0.769 0.769 0.769
175 3 3 0.384 0.384
177 2 2 2 0.665 0.665 0.665
146 163 2 2 2 1.995 1.995 1.995
175 5 8 8 1.073 1.073 1.073
177 5 5 5 2.185 2.185 2.185
163 81 2 2 2 1.268 1.268 1.268
120 13 14 14 2.885 2.885 2.885
141 5 8 8 0.769 0.769 0.769
146 2 2 2 1.995 1.995 1.995
175 15 16 17 1.881 1.881 1.881
177 7 8 8 1.210 1.210 1.210
195 5 6 6 0.927 0.927 0.927
214 11 11 11 3.388 3.388 3.388
656 31 31 31 2.540 2.540 2.540
175 141 3 3 0.384 0.384
146 5 8 8 1.073 1.073 1.073
163 15 16 17 1.881 1.881 1.881
182 71 75 75 2.555 2.555 2.555
195 9 11 11 1.966 1.966 1.966
214 10 12 12 1.698 1.698 1.698
177 120 7 7 7 1.725 1.725 1.725
141 2 2 2 0.665 0.665 0.665
146 5 5 5 2.185 2.185 2.185
163 7 8 8 1.210 1.210 1.210
195 11 13 13 1.283 1.283 1.283
213 2 2 2 0.768 0.768 0.768
214 4 4 2.467 2.467 2.467
182 175 71 75 75 2.555 2.555 2.555
195 163 5 6 6 0.927 0.927 0.927
175 9 11 11 1.966 1.966 1.966
177 11 13 13 1.283 1.283 1.283
213 11 11 11 2.419 2.419 2.419
214 31 36 36 2.641 2.641 2.641
240 15 15 15 3.087 3.087 3.087
252 2 2 2 0.920 0.920 0.920
213 177 2 2 2 0.768 0.768 0.768
195 11 11 11 2.419 2.419 2.419
240 29 29 29 2.548 2.548 2.548
214 163 11 11 11 3.388 3.388 3.388
175 10 12 12 1.698 1.698 1.698
177 4 4 4 2.467 2.467 2.467
195 31 36 36 2.641 2.641 2.641
240 40 42 42 4.631 4.631 4.631
252 19 19 19 7.320 7.320 7.320
240 195 15 15 15 3.087 3.087 3.087
213 29 29 29 2.548 2.548 2.548
214 40 42 42 4.631 4.631 4.631
499 4 4 0.467 0.467
252 195 2 2 2 0.920 0.920 0.920
214 19 19 19 7.320 7.320 7.320
298 333 2 2 2 1.038 1.038 1.038
333 298 2 2 2 1.038 1.038 1.038
493 496 20 26 26 1.866 1.866 1.866
522 8 8 8 1.076 1.076 1.076
496 493 20 26 26 1.866 1.866 1.866
503 67 71 72 3.720 3.720 3.720
499 240 4 4 0.467 0.467
503 496 67 71 72 3.720 3.720 3.720
522 38 48 48 2.326 2.326 2.326
513 554 13 13 13 1.986 1.986 1.986
522 493 8 8 8 1.076 1.076 1.076
503 38 48 48 2.326 2.326 2.326
554 513 13 13 13 1.986 1.986 1.986
649 656 8 8 8 2.903 2.903 2.903
653 656 28 28 28 3.546 3.546 3.546
656 163 31 31 31 2.540 2.540 2.540
649 8 8 8 2.903 2.903 2.903
653 28 28 28 3.546 3.546 3.546
666 700 6 6 6 2.829 2.829 2.829
741 3 3 3 3.423 3.423 3.423
700 666 6 6 6 2.829 2.829 2.829
741 16 16 16 2.126 2.126 2.126
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741 666 3 3 3 3.423 3.423 3.423
700 16 16 16 2.126 2.126 2.126

786 27 27 27 2.559 2.559 2.559

790 30 30 30 2.765 2.765 2.765

786 741 27 27 27 2.559 2.559 2.559
793 15 16 16 1.329 1.329 1.329

790 741 30 30 30 2.765 2.765 2.765
793 786 15 16 16 1.329 1.329 1.329
858 6 12 12 12 3.801 3.801 3.801
866 111 8 8 8 12.335 12.335 12.335
923 963 4 5 5 2.137 2.137 2.137
943 3 24 28 30 2.492 2.492 2.492
21 5 7 7 1.820 1.820 1.820

22 13 13 13 1.526 1.526 1.526

963 923 4 5 5 2.137 2.137 2.137
1008 43 43 43 3.170 3.170 3.170

1008 963 43 43 43 3.170 3.170 3.170
SF3B2 Q13435 10 77 2 2 2 4.448 4.448 4.448
35 77 11 11 11 12.052 12.052 12.052
77 10 2 2 2 4.448 4.448 4.448
35 11 11 11 12.052 12.052 12.052

148 165 25 26 26 3.804 3.804 3.804
173 10 12 12 2.163 2.163 2.163

182 2 4 4 0.660 0.660 0.660

198 3 3 3 2.014 2.014 2.014

165 148 25 26 26 3.804 3.804 3.804
182 15 16 16 2.839 2.839 2.839

173 148 10 12 12 2.163 2.163 2.163
182 148 2 4 4 0.660 0.660 0.660
165 15 16 16 2.839 2.839 2.839

198 148 3 3 3 2.014 2.014 2.014
268 280 94 127 129 1.725 1.725 1.725
280 268 94 127 129 1.725 1.725 1.725
323 335 2 0.148
335 323 2 0.148
387 394 17 17 17 3.629 3.629 3.629
400 9 9 9 1.496 1.496 1.496

403 9 9 9 2.562 2.562 2.562

405 3 3 3 2.506 2.506 2.506

394 387 17 17 17 3.629 3.629 3.629
405 5 6 6 1.098 1.098 1.098

400 387 9 9 9 1.496 1.496 1.496
405 31 33 34 2.359 2.359 2.359

409 9 10 10 1.332 1.332 1.332

412 2 2 2 0.856 0.856 0.856

401 405 26 26 26 1.480 1.480 1.480
409 3 4 4 0.683 0.683 0.683

403 387 9 9 9 2.562 2.562 2.562
409 4 5 5 1.680 1.680 1.680

420 3 3 3 2.064 2.064 2.064

405 387 3 3 3 2.506 2.506 2.506
394 5 6 6 1.098 1.098 1.098

400 31 33 34 2.359 2.359 2.359

401 26 26 26 1.480 1.480 1.480

412 47 73 74 1.028 1.028 1.028

420 6 8 8 2.450 2.450 2.450

409 400 9 10 10 1.332 1.332 1.332
401 3 4 4 0.683 0.683 0.683

403 4 5 5 1.680 1.680 1.680

412 3 3 0.226 0.226

420 6 25 27 0.560 0.560 0.560

556 2 0.242

412 400 2 2 2 0.856 0.856 0.856
405 47 73 74 1.028 1.028 1.028

409 3 3 0.226 0.226

605 2 2 0.419 0.419

891 4 4 0.310 0.310

894 5 5 0.558 0.558

420 403 3 3 3 2.064 2.064 2.064
405 6 8 8 2.450 2.450 2.450

409 6 25 27 0.560 0.560 0.560

529 570 38 38 38 3.544 3.544 3.544
543 550 17 21 21 2.362 2.362 2.362
552 7 9 9 1.562 1.562 1.562

556 25 26 26 2.484 2.484 2.484

560 45 45 45 1.869 1.869 1.869

563 34 34 34 3.236 3.236 3.236

570 6 6 6 0.982 0.982 0.982

857 10 10 10 1.930 1.930 1.930

547 552 19 23 24 1.522 1.522 1.522
556 26 26 26 2.044 2.044 2.044

560 25 26 26 1.293 1.293 1.293

563 10 10 10 2.241 2.241 2.241
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857 6 6 6 2.462 2.462 2.462
870 11 11 11 2.145 2.145 2.145
550 543 17 21 21 2.362 2.362 2.362
556 14 14 14 2.139 2.139 2.139
560 13 14 14 1.476 1.476 1.476
870 32 33 33 1.286 1.286 1.286
877 8 11 11 1.671 1.671 1.671
552 543 7 9 9 1.562 1.562 1.562
547 19 23 24 1.522 1.522 1.522
556 15 16 17 1.227 1.227 1.227
560 6 6 1.425 1.425 1.425
563 2 2 0.468 0.468
570 2 2 2 0.601 0.601 0.601
870 11 12 12 0.921 0.921 0.921
556 409 2 0.242
543 25 26 26 2.484 2.484 2.484
547 26 26 26 2.044 2.044 2.044
550 14 14 14 2.139 2.139 2.139
552 15 16 17 1.227 1.227 1.227
563 23 23 23 2.517 2.517 2.517
570 14 14 14 1.786 1.786 1.786
870 11 11 11 1.866 1.866 1.866
560 543 45 45 45 1.869 1.869 1.869
547 25 26 26 1.293 1.293 1.293
550 13 14 14 1.476 1.476 1.476
552 6 6 6 1.425 1.425 1.425
570 46 46 46 1.889 1.889 1.889
857 8 8 8 1.035 1.035 1.035
563 543 34 34 34 3.236 3.236 3.236
547 10 10 10 2.241 2.241 2.241
552 2 2 0.468 0.468
556 23 23 23 2.517 2.517 2.517
570 529 38 38 38 3.544 3.544 3.544
543 6 6 6 0.982 0.982 0.982
552 2 2 2 0.601 0.601 0.601
556 14 14 14 1.786 1.786 1.786
560 46 46 46 1.889 1.889 1.889
815 3 3 3 2.907 2.907 2.907
581 604 25 25 25 2.941 2.941 2.941
605 15 15 15 3.408 3.408 3.408
583 604 46 46 46 3.021 3.021 3.021
605 32 32 32 3.580 3.580 3.580
604 581 25 25 25 2.941 2.941 2.941
583 46 46 46 3.021 3.021 3.021
605 412 2 2 0.419 0.419
581 15 15 15 3.408 3.408 3.408
583 32 32 32 3.580 3.580 3.580
649 17 17 17 18.369 18.369 18.369
627 672 2 2 2 12.700 12.700 12.700
649 605 17 17 17 18.369 18.369 18.369
672 627 2 2 2 12.700 12.700 12.700
770 815 6 6 6 10.981 10.981 10.981
790 815 26 27 27 15.919 15.919 15.919
815 570 3 3 3 2.907 2.907 2.907
770 6 6 6 10.981 10.981 10.981
790 26 27 27 15.919 15.919 15.919
857 6 6 6 7.208 7.208 7.208
870 4 4 4 2.008 2.008 2.008
877 3 3 3 2.612 2.612 2.612
843 877 6 7 7 2.947 2.947 2.947
857 543 10 10 10 1.930 1.930 1.930
547 6 6 6 2.462 2.462 2.462
560 8 8 8 1.035 1.035 1.035
815 6 6 6 7.208 7.208 7.208
874 2 0.179
875 5 6 0.372 0.372
877 18 18 18 4.163 4.163 4.163
870 547 11 11 11 2.145 2.145 2.145
550 32 33 33 1.286 1.286 1.286
552 11 12 12 0.921 0.921 0.921
556 11 11 11 1.866 1.866 1.866
815 4 4 4 2.008 2.008 2.008
874 2 2 0.401 0.401
877 98 105 105 3.362 3.362 3.362
891 6 7 7 1.176 1.176 1.176
874 857 2 0.179
870 2 0.401 0.401
875 857 5 6 0.372 0.372
877 550 8 11 11 1.671 1.671 1.671
815 3 3 2.612 2.612 2.612
843 6 7 7 2.947 2.947 2.947
857 18 18 18 4.163 4.163 4.163
870 98 105 105 3.362 3.362 3.362
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889 2 2 0.865 0.865
891 40 42 42 2.585 2.585 2.585
894 12 12 12 1.637 1.637 1.637
889 877 0.865 0.865
891 412 4 4 0.310 0.310
870 6 7 7 1.176 1.176 1.176
877 40 42 42 2.585 2.585 2.585
894 412 5 5 0.558 0.558
877 12 12 12 1.637 1.637 1.637
SF3B3 Q15393 96 650 2 2 2 2.145 2.145 2.145
1189 21 21 21 2.005 2.005 2.005
109 137 51 53 53 2.793 2.793 2.793
137 109 51 53 53 2.793 2.793 2.793
541 546 3 3 3 0.813 0.813 0.813
546 541 3 3 3 0.813 0.813 0.813
650 96 2 2 2 2.145 2.145 2.145
1191 6 8 8 2.540 2.540 2.540
1206 5 5 5 1.137 1.137 1.137
911 942 12 12 12 9.887 9.887 9.887
929 974 6 6 6 1.659 1.659 1.659
942 911 12 12 12 9.887 9.887 9.887
974 929 6 6 1.659 1.659 1.659
980 9 9 9 1.906 1.906 1.906
980 974 9 9 9 1.906 1.906 1.906
984 1074 10 10 10 4.631 4.631 4.631
1074 984 10 10 10 4.631 4.631 4.631
1189 96 21 21 21 2.005 2.005 2.005
1191 650 6 8 8 2.540 2.540 2.540
1206 650 5 5 5 1.137 1.137 1.137
SF3B4 Q15427 23 82 17 18 18 1.607 1.607 1.607
82 23 17 18 18 1.607 1.607 1.607
SF3B6 Q9Y3B4 7 41 12 13 13 2.214 2.214 2.214
71 2 2 2 1.098 1.098 1.098
41 7 12 13 13 2.214 2.214 2.214
71 7 2 2 2 1.098 1.098 1.098
100 105 27 27 27 1.476 1.476 1.476
106 9 9 9 1.780 1.780 1.780
125 3 3 2.124 2.124 2.124
104 111 11 13 13 1.274 1.274 1.274
116 2 0.386 0.386
105 100 27 27 27 1.476 1.476 1.476
114 1 1 1 0.911 0.911 0.911
116 91 93 93 2.544 2.544 2.544
125 4 4 4 1.371 1.371 1.371
106 100 9 9 9 1.780 1.780 1.780
114 13 15 15 1.554 1.554 1.554
116 3 3 3 1.331 1.331 1.331
125 4 4 4 1.700 1.700 1.700
111 104 11 13 13 1.274 1.274 1.274
116 43 43 43 1.857 1.857 1.857
114 105 1 1 1 0.911 0.911 0.911
106 13 15 15 1.554 1.554 1.554
116 104 2 2 0.386 0.386
105 91 93 93 2.544 2.544 2.544
106 3 3 3 1.331 1.331 1.331
111 43 43 43 1.857 1.857 1.857
125 100 3 3 3 2.124 2.124 2.124
105 4 4 4 1.371 1.371 1.371
106 4 4 4 1.700 1.700 1.700
SKIP Q13573 23 48 29 31 31 1.682 1.682 1.682
81 8 8 8 2.803 2.803 2.803
97 7 8 9 1.096 1.096 1.096
110 2 2 0.472 0.472
48 23 29 31 31 1.682 1.682 1.682
97 2 2 2 3.392 3.392 3.392
110 4 4 4 3.228 3.228 3.228
193 3 3 3 2.306 2.306 2.306
81 23 8 8 8 2.803 2.803 2.803
97 36 36 36 3.764 3.764 3.764
108 6 6 6 2.305 2.305 2.305
110 14 14 14 3.442 3.442 3.442
115 3 3 3 1.989 1.989 1.989
122 6 6 6 3.235 3.235 3.235
95 108 5 6 6 1.400 1.400 1.400
110 3 3 3 2.579 2.579 2.579
97 23 7 8 9 1.096 1.096 1.096
48 2 2 2 3.392 3.392 3.392
81 36 36 36 3.764 3.764 3.764
108 36 42 43 1.536 1.536 1.536
110 48 49 49 3.638 3.638 3.638
115 23 25 25 2.697 2.697 2.697
122 9 10 10 2.335 2.335 2.335
153 3 3 3 1.744 1.744 1.744
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193 7 7 7 1.757 1.757 1.757
108 81 6 6 6 2.305 2.305 2.305
95 5 6 6 1.400 1.400 1.400
97 36 42 43 1.536 1.536 1.536
115 15 16 16 1.332 1.332 1.332
122 3 5 5 0.935 0.935 0.935
153 2 2 2 0.810 0.810 0.810
110 23 2 2 0.472 0.472
48 4 4 4 3.228 3.228 3.228
81 14 14 14 3.442 3.442 3.442
95 3 3 3 2.579 2.579 2.579
97 48 49 49 3.638 3.638 3.638
122 33 34 34 2.778 2.778 2.778
115 81 3 3 3 1.989 1.989 1.989
97 23 25 25 2.697 2.697 2.697
108 15 16 16 1.332 1.332 1.332
122 81 6 6 6 3.235 3.235 3.235
97 9 10 10 2.335 2.335 2.335
108 3 5 5 0.935 0.935 0.935
110 33 34 34 2.778 2.778 2.778
141 153 5 5 5 1.189 1.189 1.189
146 153 102 110 111 2.059 2.059 2.059
158 2 2 2 0.793 0.793 0.793
170 4 4 4 1.105 1.105 1.105
153 97 3 3 3 1.744 1.744 1.744
108 2 2 2 0.810 0.810 0.810
141 5 5 5 1.189 1.189 1.189
146 102 110 111 2.059 2.059 2.059
170 49 49 49 2.362 2.362 2.362
193 26 26 26 3.090 3.090 3.090
217 12 12 12 1.847 1.847 1.847
158 146 2 2 2 0.793 0.793 0.793
170 11 11 11 2.027 2.027 2.027
193 18 20 20 1.676 1.676 1.676
204 3 3 0.457 0.457
216 25 28 28 1.471 1.471 1.471
217 34 36 36 2.345 2.345 2.345
170 146 4 4 4 1.105 1.105 1.105
153 49 49 49 2.362 2.362 2.362
158 11 11 11 2.027 2.027 2.027
193 27 28 28 3.005 3.005 3.005
204 4 4 4 1.509 1.509 1.509
213 2 2 2 0.611 0.611 0.611
217 8 8 8 1.243 1.243 1.243
193 48 3 3 3 2.306 2.306 2.306
97 7 7 7 1.757 1.757 1.757
153 26 26 26 3.090 3.090 3.090
158 18 20 20 1.676 1.676 1.676
170 27 28 28 3.005 3.005 3.005
204 3 3 3 0.661 0.661 0.661
217 2 4 4 1.649 1.649 1.649
204 158 3 3 0.457 0.457
170 4 4 4 1.509 1.509 1.509
193 3 3 3 0.661 0.661 0.661
217 4 4 4 1.439 1.439 1.439
213 170 2 2 2 0.611 0.611 0.611
217 26 26 26 4.954 4.954 4.954
216 158 25 28 28 1.471 1.471 1.471
217 153 12 12 12 1.847 1.847 1.847
158 34 36 36 2.345 2.345 2.345
170 8 8 8 1.243 1.243 1.243
193 2 4 4 1.649 1.649 1.649
204 4 4 4 1.439 1.439 1.439
213 26 26 26 4.954 4.954 4.954
246 266 18 26 26 0.966 0.966 0.966
255 266 6 7 7 0.784 0.784 0.784
266 246 18 26 26 0.966 0.966 0.966
255 6 7 7 0.784 0.784 0.784
311 317 3 3 3 2.150 2.150 2.150
319 42 46 46 2.686 2.686 2.686
315 323 16 16 16 1.485 1.485 1.485
317 311 3 3 3 2.150 2.150 2.150
323 3 3 3 0.785 0.785 0.785
319 311 42 46 46 2.686 2.686 2.686
330 3 3 3 1.643 1.643 1.643
323 315 16 16 16 1.485 1.485 1.485
317 3 3 3 0.785 0.785 0.785
330 43 48 48 2.505 2.505 2.505
339 2 4 4 0.702 0.702 0.702
330 319 3 3 3 1.643 1.643 1.643
323 43 48 48 2.505 2.505 2.505
339 42 51 51 1.574 1.574 1.574
344 12 18 18 1.533 1.533 1.533
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379 4 4 4 0.683 0.683 0.683
339 323 2 4 4 0.702 0.702 0.702
330 42 51 51 1.574 1.574 1.574
376 27 28 28 1.435 1.435 1.435
379 47 48 48 2.228 2.228 2.228
468 2 2 2 1.422 1.422 1.422
344 330 12 18 18 1.533 1.533 1.533
376 8 9 9 1.030 1.030 1.030
379 19 19 19 1.529 1.529 1.529
376 339 27 28 28 1.435 1.435 1.435
344 8 9 9 1.030 1.030 1.030
379 40 44 45 3.877 3.877 3.877
416 3 4 4 0.465 0.465 0.465
441 19 21 21 2.303 2.303 2.303
452 2 5 5 0.592 0.592 0.592
456 4 5 5 0.962 0.962 0.962
468 7 7 7 2.348 2.348 2.348
476 2 5 6 0.940 0.940 0.940
379 330 4 4 4 0.683 0.683 0.683
339 47 48 48 2.228 2.228 2.228
344 19 19 19 1.529 1.529 1.529
376 40 44 45 3.877 3.877 3.877
416 4 5 5 0.706 0.706 0.706
441 5 6 6 1.519 1.519 1.519
452 4 5 0.775 0.775
456 4 4 4 1.722 1.722 1.722
468 3 3 3 3.411 3.411 3.411
476 7 9 9 0.894 0.894 0.894
416 376 3 4 4 0.465 0.465 0.465
379 4 5 5 0.706 0.706 0.706
441 22 22 22 3.233 3.233 3.233
452 4 4 4 2.109 2.109 2.109
456 3 3 3 3.067 3.067 3.067
468 2 2 0.568 0.568
441 376 19 21 21 2.303 2.303 2.303
379 5 6 6 1.519 1.519 1.519
416 22 22 22 3.233 3.233 3.233
456 48 48 48 4.458 4.458 4.458
468 27 28 28 1.888 1.888 1.888
476 48 49 49 2.469 2.469 2.469
515 9 9 9 1.469 1.469 1.469
452 376 2 5 5 0.592 0.592 0.592
379 4 5 0.775 0.775
416 4 4 4 2.109 2.109 2.109
468 54 69 71 1.158 1.158 1.158
476 42 53 53 1.900 1.900 1.900
515 6 7 0.325 0.325
524 3 3 0.610 0.610
531 3 3 0.901 0.901
456 376 4 5 5 0.962 0.962 0.962
379 4 4 4 1.722 1.722 1.722
416 3 3 3 3.067 3.067 3.067
441 48 48 48 4.458 4.458 4.458
468 47 48 48 2.543 2.543 2.543
476 19 21 21 1.322 1.322 1.322
515 8 12 12 0.725 0.725 0.725
524 4 5 5 0.747 0.747 0.747
468 339 2 2 2 1.422 1.422 1.422
376 7 7 7 2.348 2.348 2.348
379 3 3 3 3.411 3.411 3.411
416 2 2 0.568 0.568
441 27 28 28 1.888 1.888 1.888
452 54 69 71 1.158 1.158 1.158
456 47 48 48 2.543 2.543 2.543
476 103 127 129 1.437 1.437 1.437
509 7 9 9 1.084 1.084 1.084
476 376 2 5 6 0.940 0.940 0.940
379 7 9 9 0.894 0.894 0.894
441 48 49 49 2.469 2.469 2.469
452 42 53 53 1.900 1.900 1.900
456 19 21 21 1.322 1.322 1.322
468 103 127 129 1.437 1.437 1.437
503 4 4 4 1.369 1.369 1.369
509 4 7 7 0.782 0.782 0.782
515 13 25 26 0.719 0.719 0.719
524 4 11 11 0.766 0.766 0.766
503 476 4 4 4 1.369 1.369 1.369
515 2 3 3 0.690 0.690 0.690
524 4 7 7 0.705 0.705 0.705
509 468 7 9 9 1.084 1.084 1.084
476 4 7 7 0.782 0.782 0.782
524 10 14 14 1.433 1.433 1.433
531 3 3 1.022 1.022
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515 441 9 9 9 1.469 1.469 1.469
452 6 7 0.325 0.325
456 8 12 12 0.725 0.725 0.725
476 13 25 26 0.719 0.719 0.719
503 2 3 3 0.690 0.690 0.690
531 2 3 5 0.896 0.896 0.896
524 452 3 3 0.610 0.610
456 4 5 5 0.747 0.747 0.747
476 4 11 11 0.766 0.766 0.766
503 4 7 7 0.705 0.705 0.705
509 10 14 14 1.433 1.433 1.433
531 452 3 3 0.901 0.901
509 3 3 1.022 1.022
515 2 3 5 0.896 0.896 0.896
SmB P14678 50 57 3 3 3 1.471 1.471 1.471
64 3 3 0.373 0.373
88 2 3 3 0.568 0.568 0.568
52 57 2 3 3 0.600 0.600 0.600
57 50 3 3 3 1.471 1.471 1.471
52 2 3 3 0.600 0.600 0.600
64 3 5 0.210 0.210
64 50 3 3 0.373 0.373
57 3 5 0.210 0.210
88 50 2 3 3 0.568 0.568 0.568
SmD1 P62314 1 86 3 3 3 1.855 1.855 1.855
86 1 3 3 3 1.855 1.855 1.855
SmD2 P62316 6 18 55 60 61 2.169 2.169 2.169
18 6 55 60 61 2.169 2.169 2.169
51 118 24 25 25 8.665 8.665 8.665
71 118 13 13 13 1.690 1.690 1.690
86 98 3 3 0.260 0.260
88 98 6 8 0.344 0.344
118 8 10 10 2.687 2.687 2.687
92 98 17 20 0.391 0.391
98 86 3 3 0.260 0.260
88 6 8 0.344 0.344
92 17 20 0.391 0.391
118 51 24 25 25 8.665 8.665 8.665
71 13 13 13 1.690 1.690 1.690
88 8 10 10 2.687 2.687 2.687
SmD3 P62318 8 84 2 2 0.416 0.416
87 2 2 0.201 0.201
84 8 2 2 0.416 0.416
87 8 2 2 0.201 0.201
SmE P62304 67 72 4 4 4 1.916 1.916 1.916
72 67 4 4 4 1.916 1.916 1.916
SmG P62308 3 11 2 2 0.253 0.253
10 15 9 10 10 0.937 0.937 0.937
11 3 2 2 0.253 0.253
15 10 9 10 10 0.937 0.937 0.937
SMU1 Q2TAYT7 107 247 6 6 6 2.758 2.758 2.758
170 190 55 57 57 2.869 2.869 2.869
194 23 23 23 4.209 4.209 4.209
512 3 3 0.360 0.360
190 170 55 57 57 2.869 2.869 2.869
200 13 13 13 1.573 1.573 1.573
247 5 5 5 1.777 1.777 1.777
292 6 6 6 1.689 1.689 1.689
317 7 7 7 2.212 2.212 2.212
337 13 13 13 2.112 2.112 2.112
408 6 6 6 1.286 1.286 1.286
512 25 28 29 3.322 3.322 3.322
194 170 23 23 23 4.209 4.209 4.209
292 2 2 2.341 2.341
337 9 9 9 1.401 1.401 1.401
408 10 10 10 3.445 3.445 3.445
512 41 53 53 1.436 1.436 1.436
200 190 13 13 13 1.573 1.573 1.573
512 30 43 44 0.970 0.970 0.970
210 247 77 78 78 2.806 2.806 2.806
485 135 148 150 15.323 15.323 15.323
509 119 125 126 6.908 6.908 6.908
214 485 74 77 79 22.768 22.768 22.768
247 107 6 6 6 2.758 2.758 2.758
190 5 5 5 1.777 1.777 1.777
210 7 78 78 2.806 2.806 2.806
289 3 5 6 0.601 0.601 0.601
308 2 2 2 0.980 0.980 0.980
289 247 3 5 6 0.601 0.601 0.601
512 4 4 4 2.380 2.380 2.380
292 190 6 6 6 1.689 1.689 1.689
194 2 2 2.341 2.341
337 171 176 176 2.799 2.799 2.799
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308 247 2 2 2 0.980 0.980 0.980
317 190 7 7 7 2.212 2.212 2.212
343 11 11 11 0.988 0.988 0.988
379 21 22 22 3.645 3.645 3.645
408 5 5 5 2.928 2.928 2.928
337 190 13 13 13 2.112 2.112 2.112
194 9 9 9 1.401 1.401 1.401
292 171 176 176 2.799 2.799 2.799
343 12 12 12 1.826 1.826 1.826
340 379 3 3 3 1.711 1.711 1.711
343 317 11 11 11 0.988 0.988 0.988
337 12 12 12 1.826 1.826 1.826
379 54 54 54 2.546 2.546 2.546
374 388 10 11 11 1.491 1.491 1.491
379 317 21 22 22 3.645 3.645 3.645
340 3 3 3 1.711 1.711 1.711
343 54 54 54 2.546 2.546 2.546
388 374 10 11 11 1.491 1.491 1.491
408 190 6 6 6 1.286 1.286 1.286
194 10 10 10 3.445 3.445 3.445
317 5 5 5 2.928 2.928 2.928
485 210 135 148 150 15.323 15.323 15.323
214 74 77 79 22.768 22.768 22.768
509 210 119 125 126 6.908 6.908 6.908
512 170 3 3 0.360 0.360
190 25 28 29 3.322 3.322 3.322
194 41 53 53 1.436 1.436 1.436
200 30 43 44 0.970 0.970 0.970
289 4 4 4 2.380 2.380 2.380
SNIP1 Q8TADS8 214 223 2 2 2 1.081 1.081 1.081
301 2 2 0.486 0.486
216 223 18 18 18 2.358 2.358 2.358
301 15 15 15 1.335 1.335 1.335
221 301 10 10 10 1.982 1.982 1.982
223 214 2 2 2 1.081 1.081 1.081
216 18 18 18 2.358 2.358 2.358
265 3 3 3 2.697 2.697 2.697
301 4 6 6 2.554 2.554 2.554
245 301 106 108 109 3.723 3.723 3.723
265 223 3 3 3 2.697 2.697 2.697
301 214 2 2 0.486 0.486
216 15 15 15 1.335 1.335 1.335
221 10 10 10 1.982 1.982 1.982
223 4 6 6 2.554 2.554 2.554
245 106 108 109 3.723 3.723 3.723
325 353 2 2 2.426 2.426
342 353 11 15 15 1.635 1.635 1.635
353 325 2 2 2.426 2.426
342 11 15 15 1.635 1.635 1.635
SNU114 Q15029 95 602 3 3 3 2.589 2.589 2.589
98 602 4 4 4 2.106 2.106 2.106
646 7 7 7 3.103 3.103 3.103
244 963 2 0.241
352 355 66 68 68 2.340 2.340 2.340
359 191 194 194 4.313 4.313 4.313
355 352 66 68 68 2.340 2.340 2.340
359 7 7 7 2.261 2.261 2.261
359 352 191 194 194 4.313 4.313 4.313
355 7 7 7 2.261 2.261 2.261
602 95 3 3 3 2.589 2.589 2.589
98 4 4 4 2.106 2.106 2.106
609 3 3 3 1.931 1.931 1.931
609 602 3 3 3 1.931 1.931 1.931
646 98 7 7 7 3.103 3.103 3.103
673 684 21 21 21 1.789 1.789 1.789
790 30 30 30 4.858 4.858 4.858
684 673 21 21 21 1.789 1.789 1.789
963 3 3 3 2.055 2.055 2.055
790 673 30 30 30 4.858 4.858 4.858
914 951 11 11 11 11.140 11.140 11.140
963 9 9 9 14.354 14.354 14.354
951 914 11 11 11 11.140 11.140 11.140
963 244 2 0.241
684 3 3 3 2.055 2.055 2.055
914 9 9 9 14.354 14.354 14.354
SNU17 QIY 388 203 208 3 3 3 3.171 3.171 3.171
208 203 3 3 3 3.171 3.171 3.171
215 2 2 2 1.891 1.891 1.891
215 208 2 2 2 1.891 1.891 1.891
223 5 5 5 1.486 1.486 1.486
226 6 7 7 1.560 1.560 1.560
223 215 5 5 5 1.486 1.486 1.486
226 215 6 7 7 1.560 1.560 1.560
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SNU23 QI6NCO 8 15 86 88 88 3.718 3.718 3.718
18 49 50 50 1.701 1.701 1.701
23 5 6 6 1.681 1.681 1.681
27 20 25 25 1.647 1.647 1.647
36 11 11 11 2.247 2.247 2.247
45 2 2 2 0.691 0.691 0.691
15 8 86 88 88 3.718 3.718 3.718
23 2 4 4 0.683 0.683 0.683
27 22 25 25 2.874 2.874 2.874
18 8 49 50 50 1.701 1.701 1.701
27 8 13 13 1.471 1.471 1.471
23 8 5 6 6 1.681 1.681 1.681
15 2 4 4 0.683 0.683 0.683
27 8 20 25 25 1.647 1.647 1.647
15 22 25 25 2.874 2.874 2.874
18 8 13 13 1.471 1.471 1.471
36 8 10 11 1.165 1.165 1.165
39 6 6 6 1.372 1.372 1.372
36 8 11 11 11 2.247 2.247 2.247
27 8 10 11 1.165 1.165 1.165
39 27 6 6 6 1.372 1.372 1.372
45 8 2 2 2 0.691 0.691 0.691
55 4 4 4 1.056 1.056 1.056
55 45 4 4 4 1.056 1.056 1.056
64 2 3 3 1.092 1.092 1.092
132 6 6 6 2.294 2.294 2.294
136 25 27 27 1.402 1.402 1.402
64 55 2 3 3 1.092 1.092 1.092
123 130 9 10 10 2.168 2.168 2.168
124 132 3 3 3 1.117 1.117 1.117
130 123 9 10 10 2.168 2.168 2.168
132 55 6 6 6 2.294 2.294 2.294
124 3 3 3 1.117 1.117 1.117
138 8 8 8 2.432 2.432 2.432
136 55 25 27 27 1.402 1.402 1.402
138 132 8 8 8 2.432 2.432 2.432
155 160 1 2 3 0.418 0.418 0.418
157 163 3 3 3 1.303 1.303 1.303
160 155 1 2 3 0.418 0.418 0.418
167 2 2 0.995 0.995
163 157 3 3 3 1.303 1.303 1.303
167 160 2 2 0.995 0.995
SPF27 075934 151 158 14 14 14 2.693 2.693 2.693
158 151 14 14 14 2.693 2.693 2.693
168 18 18 18 4.826 4.826 4.826
168 158 18 18 18 4.826 4.826 4.826
SRRM1 Q8IYB3 36 128 4 4 4 1.321 1.321 1.321
37 78 3 3 3 2.236 2.236 2.236
42 890 4 6 6 0.709 0.709 0.709
54 128 90 100 101 2.301 2.301 2.301
132 13 21 21 0.879 0.879 0.879
78 37 3 3 3 2.236 2.236 2.236
128 36 4 4 4 1.321 1.321 1.321
54 90 100 101 2.301 2.301 2.301
140 17 18 18 2.017 2.017 2.017
132 54 13 21 21 0.879 0.879 0.879
140 93 101 102 1.814 1.814 1.814
145 4 4 4 1.835 1.835 1.835
140 128 17 18 18 2.017 2.017 2.017
132 93 101 102 1.814 1.814 1.814
146 64 64 64 3.401 3.401 3.401
151 26 28 28 1.849 1.849 1.849
153 5 5 5 1.529 1.529 1.529
156 3 3 3 1.677 1.677 1.677
159 2 2 2 1.257 1.257 1.257
145 132 4 4 4 1.835 1.835 1.835
151 13 13 13 1.602 1.602 1.602
153 4 4 4 1.210 1.210 1.210
156 6 7 8 1.286 1.286 1.286
159 9 11 11 2.275 2.275 2.275
146 140 64 64 64 3.401 3.401 3.401
159 4 4 4 2.304 2.304 2.304
151 140 26 28 28 1.849 1.849 1.849
145 13 13 13 1.602 1.602 1.602
159 4 5 5 1.941 1.941 1.941
153 140 5 5 5 1.529 1.529 1.529
145 4 4 4 1.210 1.210 1.210
156 140 3 3 3 1.677 1.677 1.677
145 6 7 8 1.286 1.286 1.286
159 140 2 2 2 1.257 1.257 1.257
145 9 11 11 2.275 2.275 2.275
146 4 4 4 2.304 2.304 2.304
151 4 5 5 1.941 1.941 1.941
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231 249 20 20 20 2.398 2.398 2.398
249 231 20 20 20 2.398 2.398 2.398
438 443 19 21 21 2.152 2.152 2.152
443 438 19 21 21 2.152 2.152 2.152
885 890 5 5 5 1.544 1.544 1.544
890 42 4 6 6 0.709 0.709 0.709
885 5 5 5 1.544 1.544 1.544

897 35 36 36 2.308 2.308 2.308

897 890 35 36 36 2.308 2.308 2.308
SRRT QIBXP5 153 176 22 22 22 2.796 2.796 2.796
442 2 2 2 1.503 1.503 1.503

170 687 13 13 13 1.767 1.767 1.767
176 153 22 22 22 2.796 2.796 2.796
200 2 6 6 0.888 0.888 0.888

442 2 2 0.342 0.342

476 3 3 3 1.759 1.759 1.759

687 216 228 229 3.940 3.940 3.940

192 739 3 3 3 0.909 0.909 0.909
200 176 2 6 6 0.888 0.888 0.888
413 7 7 7 2.381 2.381 2.381

419 7 9 9 3.023 3.023 3.023

442 77 80 80 3.005 3.005 3.005

476 30 30 30 3.627 3.627 3.627

208 442 7 7 7 0.754 0.754 0.754
256 285 3 3 3 2.418 2.418 2.418
279 286 17 18 18 3.152 3.152 3.152
301 18 18 18 2.243 2.243 2.243

403 2 0.334

285 256 3 3 3 2.418 2.418 2.418
301 57 62 65 2.956 2.956 2.956

305 10 12 12 1.467 1.467 1.467

308 2 4 4 0.685 0.685 0.685

313 6 6 6 2.787 2.787 2.787

327 2 3 3 0.734 0.734 0.734

395 7 9 9 1.107 1.107 1.107

397 2 2 0.671 0.671

413 5 5 5 1.043 1.043 1.043

442 4 7 7 0.827 0.827 0.827

476 3 3 3 1.250 1.250 1.250

607 4 7 7 0.661 0.661 0.661

286 279 17 18 18 3.152 3.152 3.152
301 30 30 30 2.641 2.641 2.641

305 15 16 16 1.337 1.337 1.337

309 3 4 4 1.273 1.273 1.273

313 2 3 4 0.596 0.596 0.596

413 2 2 0.585 0.585

442 2 3 3 0.654 0.654 0.654

476 2 2 2 0.892 0.892 0.892

607 6 6 0.940 0.940 0.940

301 279 18 18 18 2.243 2.243 2.243
285 57 62 65 2.956 2.956 2.956

286 30 30 30 2.641 2.641 2.641

309 5 5 5 1.978 1.978 1.978

313 3 3 3 1.399 1.399 1.399

305 285 10 12 12 1.467 1.467 1.467
286 15 16 16 1.337 1.337 1.337

309 10 12 12 1.412 1.412 1.412

308 285 2 4 4 0.685 0.685 0.685
313 10 14 14 1.507 1.507 1.507

309 286 3 4 4 1.273 1.273 1.273
301 5 5 5 1.978 1.978 1.978

305 10 12 12 1.412 1.412 1.412

313 285 6 6 2.787 2.787 2.787
286 2 3 4 0.596 0.596 0.596

301 3 3 3 1.399 1.399 1.399

308 10 14 14 1.507 1.507 1.507

327 285 2 3 3 0.734 0.734 0.734
338 2 2 2 1.686 1.686 1.686

334 338 15 21 21 2.045 2.045 2.045
343 3 4 4 0.447 0.447 0.447

337 338 15 15 15 1.628 1.628 1.628
343 17 21 22 1.040 1.040 1.040

346 2 2 0.535 0.535

338 327 2 2 2 1.686 1.686 1.686
334 15 21 21 2.045 2.045 2.045

337 15 15 15 1.628 1.628 1.628

343 334 3 4 4 0.447 0.447 0.447
337 17 21 22 1.040 1.040 1.040

346 337 2 2 0.535 0.535
395 285 7 9 9 1.107 1.107 1.107
413 5 5 5 1.479 1.479 1.479

397 285 2 2 0.671 0.671
413 2 5 5 1.106 1.106 1.106
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419 2 2 0.315 0.315
442 2 4 4 0.500 0.500 0.500
403 279 2 0.334
413 11 25 25 1.112 1.112 1.112
419 5 6 0.399 0.399
442 3 3 0.302 0.302
413 200 7 7 7 2.381 2.381 2.381
285 5 5 5 1.043 1.043 1.043
286 2 2 0.585 0.585
395 5 5 5 1.479 1.479 1.479
397 2 5 5 1.106 1.106 1.106
403 11 25 25 1.112 1.112 1.112
442 19 21 22 1.713 1.713 1.713
419 200 7 9 9 3.023 3.023 3.023
397 2 2 0.315 0.315
403 5 6 0.399 0.399
442 4 12 12 0.676 0.676 0.676
442 153 2 2 2 1.503 1.503 1.503
176 2 2 0.342 0.342
200 7 80 80 3.005 3.005 3.005
208 7 7 7 0.754 0.754 0.754
285 4 7 7 0.827 0.827 0.827
286 2 3 3 0.654 0.654 0.654
397 2 4 4 0.500 0.500 0.500
403 3 3 0.302 0.302
413 19 21 22 1.713 1.713 1.713
419 4 12 12 0.676 0.676 0.676
476 15 16 16 2.498 2.498 2.498
669 3 3 3 0.853 0.853 0.853
476 176 3 3 3 1.759 1.759 1.759
200 30 30 30 3.627 3.627 3.627
285 3 3 3 1.250 1.250 1.250
286 2 2 2 0.892 0.892 0.892
442 15 16 16 2.498 2.498 2.498
669 2 2 2 2.341 2.341 2.341
514 522 2 2 2 1.880 1.880 1.880
590 2 3 4 1.729 1.729 1.729
604 4 4 4 12.406 12.406 12.406
522 514 2 2 2 1.880 1.880 1.880
590 514 2 3 4 1.729 1.729 1.729
611 2 2 1.180 1.180
664 3 3 3 4.173 4.173 4.173
604 514 4 4 4 12.406 12.406 12.406
611 108 110 110 5.223 5.223 5.223
607 285 4 7 7 0.661 0.661 0.661
286 6 6 6 0.940 0.940 0.940
611 590 2 2 1.180 1.180
604 108 110 110 5.223 5.223 5.223
664 590 3 3 3 4.173 4.173 4.173
669 442 3 3 3 0.853 0.853 0.853
476 2 2 2 2.341 2.341 2.341
687 170 13 13 13 1.767 1.767 1.767
176 216 228 229 3.940 3.940 3.940
691 4 4 4 2.670 2.670 2.670
691 687 4 4 4 2.670 2.670 2.670
739 5 5 5 3.119 3.119 3.119
699 739 4 5 5 1.982 1.982 1.982
710 720 4 4 4 1.041 1.041 1.041
721 20 22 22 2.275 2.275 2.275
723 11 12 12 1.493 1.493 1.493
712 721 43 43 43 3.574 3.574 3.574
723 25 26 26 2.838 2.838 2.838
720 710 4 4 4 1.041 1.041 1.041
723 15 15 15 2.025 2.025 2.025
730 4 4 4 1.994 1.994 1.994
735 18 19 19 1.431 1.431 1.431
721 710 20 22 22 2.275 2.275 2.275
712 43 43 43 3.574 3.574 3.574
730 12 12 12 4.077 4.077 4.077
723 710 11 12 12 1.493 1.493 1.493
712 25 26 26 2.838 2.838 2.838
720 15 15 15 2.025 2.025 2.025
730 81 81 81 4.256 4.256 4.256
730 720 4 4 4 1.994 1.994 1.994
721 12 12 12 4.077 4.077 4.077
723 81 81 81 4.256 4.256 4.256
739 1 5 5 0.487 0.487 0.487
744 27 27 27 3.625 3.625 3.625
735 720 18 19 19 1.431 1.431 1.431
739 192 3 3 3 0.909 0.909 0.909
691 5 5 5 3.119 3.119 3.119
699 4 5 5 1.982 1.982 1.982
730 1 5 5 0.487 0.487 0.487
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744 730 27 27 27 3.625 3.625 3.625
SRSF1 Q07955 30 138 43 43 43 2.567 2.567 2.567
165 4 4 4 3.719 3.719 3.719
174 15 15 15 3.320 3.320 3.320
179 6 6 6 2.591 2.591 2.591
38 138 330 333 333 2.918 2.918 2.918
165 18 18 18 4.208 4.208 4.208
174 22 22 22 3.275 3.275 3.275
179 6 7 7 0.860 0.860 0.860
193 27 27 27 2.226 2.226 2.226
48 138 326 390 390 1.592 1.592 1.592
165 55 60 61 1.994 1.994 1.994
174 61 68 69 2.234 2.234 2.234
179 21 30 30 1.116 1.116 1.116
193 17 19 19 1.433 1.433 1.433
138 30 43 43 43 2.567 2.567 2.567
38 330 333 333 2.918 2.918 2.918
48 326 390 390 1.592 1.592 1.592
165 30 4 4 4 3.719 3.719 3.719
38 18 18 18 4.208 4.208 4.208
48 55 60 61 1.994 1.994 1.994
174 39 40 40 3.200 3.200 3.200
174 30 15 15 15 3.320 3.320 3.320
38 22 22 22 3.275 3.275 3.275
48 61 68 69 2.234 2.234 2.234
165 39 40 40 3.200 3.200 3.200
179 30 6 6 6 2.591 2.591 2.591
38 6 7 7 0.860 0.860 0.860
48 21 30 30 1.116 1.116 1.116
193 38 27 27 27 2.226 2.226 2.226
48 17 19 19 1.433 1.433 1.433
SYF1 Q9HCS7 2 45 4 4 4 2.027 2.027 2.027
50 3 3 3 1.546 1.546 1.546
62 3 3 3 2.048 2.048 2.048
45 2 4 4 4 2.027 2.027 2.027
50 2 3 3 3 1.546 1.546 1.546
76 12 15 16 1.659 1.659 1.659
83 31 34 34 2.236 2.236 2.236
62 2 3 3 3 2.048 2.048 2.048
76 50 12 15 16 1.659 1.659 1.659
83 37 40 40 3.540 3.540 3.540
83 50 31 34 34 2.236 2.236 2.236
76 37 40 40 3.540 3.540 3.540
393 485 5 5 5 4.014 4.014 4.014
420 458 26 27 27 3.136 3.136 3.136
423 458 41 42 42 3.135 3.135 3.135
458 420 26 27 27 3.136 3.136 3.136
423 41 42 42 3.135 3.135 3.135
485 393 5 5 5 4.014 4.014 4.014
549 590 5 6 6 2.881 2.881 2.881
590 549 5 6 6 2.881 2.881 2.881
708 721 106 107 107 4.241 4.241 4.241
747 6 6 6 1.744 1.744 1.744
770 22 22 22 3.485 3.485 3.485
794 57 64 64 4.822 4.822 4.822
853 3 3 3 1.379 1.379 1.379
721 708 106 107 107 4.241 4.241 4.241
794 3 4 4 1.799 1.799 1.799
747 708 6 6 6 1.744 1.744 1.744
794 2 2 2 1.013 1.013 1.013
770 708 22 22 22 3.485 3.485 3.485
794 2 2 2 1.555 1.555 1.555
794 708 57 64 64 4.822 4.822 4.822
721 3 4 4 1.799 1.799 1.799
747 2 2 2 1.013 1.013 1.013
770 2 2 2 1.555 1.555 1.555
853 708 3 3 3 1.379 1.379 1.379
SYF3 Q9IBZJO 175 180 3 4 4 1.230 1.230 1.230
182 10 11 11 1.950 1.950 1.950
180 175 3 4 4 1.230 1.230 1.230
182 175 10 11 11 1.950 1.950 1.950
213 256 3 3 3 2.205 2.205 2.205
224 256 16 17 17 3.349 3.349 3.349
256 213 3 3 3 2.205 2.205 2.205
224 16 17 17 3.349 3.349 3.349
288 315 2 2 2 1.175 1.175 1.175
315 288 2 2 2 1.175 1.175 1.175
357 388 122 124 124 3.196 3.196 3.196
381 388 10 11 11 1.890 1.890 1.890
388 357 122 124 124 3.196 3.196 3.196
381 10 11 11 1.890 1.890 1.890
427 461 6 7 7 0.851 0.851 0.851
437 445 32 34 34 3.452 3.452 3.452
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445 437 32 34 34 3.452 3.452 3.452
460 9 10 10 1.142 1.142 1.142

475 28 29 29 4.229 4.229 4.229

485 2 2 2 0.982 0.982 0.982

460 445 9 10 10 1.142 1.142 1.142
475 62 64 64 4.822 4.822 4.822

461 427 6 7 7 0.851 0.851 0.851
475 445 28 29 29 4.229 4.229 4.229
460 62 64 64 4.822 4.822 4.822

485 445 2 2 2 0.982 0.982 0.982
527 531 2 2 2 0.736 0.736 0.736
531 527 2 2 2 0.736 0.736 0.736
568 602 21 23 23 2.060 2.060 2.060
602 568 21 23 23 2.060 2.060 2.060
730 740 19 20 20 1.210 1.210 1.210
823 2 2 2 1.616 1.616 1.616

827 2 3 0.237 0.237

740 730 19 20 20 1.210 1.210 1.210
776 10 10 10 1.814 1.814 1.814

823 15 15 15 1.475 1.475 1.475

827 2 3 3 0.474 0.474 0.474

776 740 10 10 10 1.814 1.814 1.814
832 3 3 0.190 0.190

823 730 2 2 2 1.616 1.616 1.616
740 15 15 15 1.475 1.475 1.475

827 30 38 39 2.343 2.343 2.343

832 6 27 31 1.064 1.064 1.064

826 832 3 4 0.166 0.166
827 730 2 3 0.237 0.237
740 2 3 3 0.474 0.474 0.474

823 30 38 39 2.343 2.343 2.343

832 776 3 3 0.190 0.190
823 6 27 31 1.064 1.064 1.064

826 3 4 0.166 0.166

TCERG1 014776 1 734 5 0.107
146 161 10 10 10 2.214 2.214 2.214
444 4 4 4 1.816 1.816 1.816

161 146 10 10 10 2.214 2.214 2.214
444 146 4 4 4 1.816 1.816 1.816
459 5 5 5 1.907 1.907 1.907

459 444 5 5 5 1.907 1.907 1.907
468 15 15 15 1.126 1.126 1.126

464 468 5 6 6 0.804 0.804 0.804
478 3 3 3 2.232 2.232 2.232

466 474 2 2 2 1.635 1.635 1.635
478 6 7 7 1.514 1.514 1.514

468 459 15 15 15 1.126 1.126 1.126
464 5 6 6 0.804 0.804 0.804

474 15 15 15 1.662 1.662 1.662

478 20 28 29 4.811 4.811 4.811

472 478 76 91 95 6.493 6.493 6.493
474 466 2 2 2 1.635 1.635 1.635
468 15 15 15 1.662 1.662 1.662

478 464 3 3 3 2.232 2.232 2.232
466 6 7 7 1.514 1.514 1.514

468 20 28 29 4.811 4.811 4.811

472 76 91 95 6.493 6.493 6.493

500 7 8 0.493 0.493

503 2 2 0.209 0.209

507 2 2 0.127 0.127

985 19 66 73 0.974 0.974 0.974

495 503 284 387 395 14.529 14.529 14.529
507 7 17 18 1.273 1.273 1.273

516 6 16 16 2.580 2.580 2.580

729 2 0.169

734 2 0.163

500 478 7 8 0.493 0.493
503 478 2 2 0.209 0.209
495 284 387 395 14.529 14.529 14.529

507 478 2 2 0.127 0.127
495 7 17 18 1.273 1.273 1.273

516 495 6 16 16 2.580 2.580 2.580
522 6 6 6 1.743 1.743 1.743

585 2 2 1.099 1.099

520 578 39 41 41 4.055 4.055 4.055
585 8 9 9 1.681 1.681 1.681

522 516 6 6 6 1.743 1.743 1.743
578 5 5 5 3.265 3.265 3.265

585 5 5 5 1.524 1.524 1.524

724 2 2 2 0.709 0.709 0.709

570 579 92 92 93 3.492 3.492 3.492
585 23 25 25 1.848 1.848 1.848

578 520 39 41 41 4.055 4.055 4.055
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522 5 5 5 3.265 3.265 3.265
585 34 35 35 1.798 1.798 1.798
579 570 92 92 93 3.492 3.492 3.492
640 4 7 0.275 0.275
585 516 2 2 1.099 1.099
520 8 9 9 1.681 1.681 1.681
522 5 5 5 1.524 1.524 1.524
570 23 25 25 1.848 1.848 1.848
578 34 35 35 1.798 1.798 1.798
599 4 4 4 1.354 1.354 1.354
599 585 4 4 4 1.354 1.354 1.354
626 634 2 2 2 0.977 0.977 0.977
627 634 4 4 4 1.555 1.555 1.555
634 626 2 2 2 0.977 0.977 0.977
627 4 4 4 1.555 1.555 1.555
649 2 2 2 0.682 0.682 0.682
700 5 5 0.645 0.645
640 579 4 7 0.275 0.275
649 634 2 2 2 0.682 0.682 0.682
667 711 155 160 160 3.302 3.302 3.302
700 634 5 5 0.645 0.645
703 103 103 103 4.908 4.908 4.908
711 5 5 5 0.737 0.737 0.737
703 700 103 103 103 4.908 4.908 4.908
711 667 155 160 160 3.302 3.302 3.302
700 5 5 5 0.737 0.737 0.737
721 729 5 6 6 1.682 1.682 1.682
722 729 11 17 18 1.207 1.207 1.207
740 2 0.113
761 1 1 1 0.863 0.863 0.863
796 1 1 1 0.388 0.388 0.388
724 522 2 2 2 0.709 0.709 0.709
761 17 18 18 2.113 2.113 2.113
796 8 9 1.473 1.473
729 495 2 0.169
721 5 6 6 1.682 1.682 1.682
722 11 17 18 1.207 1.207 1.207
765 9 10 10 0.899 0.899 0.899
767 75 91 92 2.446 2.446 2.446
734 1 5 0.107
495 2 0.163
740 722 2 0.113
753 104 107 107 3.540 3.540 3.540
756 23 25 25 2.935 2.935 2.935
783 5 5 5 2.262 2.262 2.262
785 20 20 20 2.421 2.421 2.421
753 740 104 107 107 3.540 3.540 3.540
761 15 16 16 1.610 1.610 1.610
756 740 23 25 25 2.935 2.935 2.935
761 60 61 61 4.649 4.649 4.649
1016 2 2 0.312 0.312
761 722 1 1 1 0.863 0.863 0.863
724 17 18 18 2.113 2.113 2.113
753 15 16 16 1.610 1.610 1.610
756 60 61 61 4.649 4.649 4.649
765 729 9 10 10 0.899 0.899 0.899
767 729 75 91 92 2.446 2.446 2.446
895 2 0.130
782 796 2 2 2 1.734 1.734 1.734
783 740 5 5 5 2.262 2.262 2.262
796 7 7 7 1.694 1.694 1.694
785 740 20 20 20 2.421 2.421 2.421
796 174 183 184 3.265 3.265 3.265
828 3 3 3 1.908 1.908 1.908
846 20 20 20 1.626 1.626 1.626
1016 2 2 0.519 0.519
789 796 84 92 92 1.572 1.572 1.572
846 6 8 8 1.165 1.165 1.165
796 722 1 1 1 0.388 0.388 0.388
724 8 9 1.473 1.473
782 2 2 2 1.734 1.734 1.734
783 7 7 7 1.694 1.694 1.694
785 174 183 184 3.265 3.265 3.265
789 84 92 92 1.572 1.572 1.572
841 2 2 2 1.526 1.526 1.526
846 88 89 89 2.672 2.672 2.672
849 92 93 93 5.860 5.860 5.860
855 3 3 3 2.033 2.033 2.033
816 820 17 26 26 0.930 0.930 0.930
857 2 2 0.781 0.781
1016 3 3 0.319 0.319
818 828 57 61 61 1.650 1.650 1.650
841 7 7 7 1.621 1.621 1.621
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857 2 2 2 0.705 0.705 0.705

820 816 17 26 26 0.930 0.930 0.930
828 4 4 4 1.240 1.240 1.240

855 6 7 7 0.481 0.481 0.481

857 5 8 8 1.027 1.027 1.027

828 785 3 3 3 1.908 1.908 1.908
818 57 61 61 1.650 1.650 1.650

820 4 4 4 1.240 1.240 1.240

927 8 8 8 1.035 1.035 1.035

841 796 2 2 2 1.526 1.526 1.526
818 7 7 7 1.621 1.621 1.621

849 24 24 24 2.873 2.873 2.873

846 785 20 20 20 1.626 1.626 1.626
789 6 8 8 1.165 1.165 1.165

796 88 89 89 2.672 2.672 2.672

855 9 9 9 1.673 1.673 1.673

857 15 15 15 3.179 3.179 3.179

927 2 2 2 1.069 1.069 1.069

849 796 92 93 93 5.860 5.860 5.860
841 24 24 24 2.873 2.873 2.873

855 796 3 3 3 2.033 2.033 2.033
820 6 7 7 0.481 0.481 0.481

846 9 9 1.673 1.673 1.673

927 11 12 12 1.171 1.171 1.171

857 816 2 2 0.781 0.781
818 2 2 2 0.705 0.705 0.705

820 5 8 8 1.027 1.027 1.027

846 15 15 15 3.179 3.179 3.179

878 885 110 124 124 2.531 2.531 2.531
895 3 4 4 1.211 1.211 1.211

927 2 2 2 1.296 1.296 1.296

942 7 14 15 0.706 0.706 0.706

885 878 110 124 124 2.531 2.531 2.531
895 10 14 14 1.182 1.182 1.182

942 13 15 15 1.297 1.297 1.297

895 767 2 0.130
878 3 4 4 1.211 1.211 1.211

885 10 14 14 1.182 1.182 1.182

904 944 19 19 19 3.138 3.138 3.138
955 20 20 20 2.726 2.726 2.726

927 828 8 8 8 1.035 1.035 1.035
846 2 2 2 1.069 1.069 1.069

855 11 12 12 1.171 1.171 1.171

878 2 2 2 1.296 1.296 1.296

942 20 34 35 1.217 1.217 1.217

942 878 7 14 15 0.706 0.706 0.706
885 13 15 15 1.297 1.297 1.297

927 20 34 35 1.217 1.217 1.217

944 904 19 19 19 3.138 3.138 3.138
955 904 20 20 20 2.726 2.726 2.726
957 992 8 8 8 2.017 2.017 2.017
978 982 22 29 29 1.323 1.323 1.323
985 36 44 44 1.231 1.231 1.231

982 978 22 29 29 1.323 1.323 1.323
985 478 19 66 73 0.974 0.974 0.974
978 36 44 44 1.231 1.231 1.231

992 957 8 8 8 2.017 2.017 2.017
1016 756 2 2 0.312 0.312
785 2 2 0.519 0.519

816 3 3 0.319 0.319

1024 203 211 211 2.913 2.913 2.913

1069 346 358 358 4.508 4.508 4.508

1024 1016 203 211 211 2.913 2.913 2.913
1027 1049 10 10 10 2.308 2.308 2.308
1035 1049 2 2 2 0.918 0.918 0.918
1049 1027 10 10 10 2.308 2.308 2.308
1035 2 2 2 0.918 0.918 0.918

1069 1016 346 358 358 4.508 4.508 4.508
U2-A’ P09661 3 56 14 14 14 3.777 3.777 3.777
56 3 14 14 14 3.777 3.777 3.777
179 17 19 19 3.533 3.533 3.533

128 172 11 12 12 3.018 3.018 3.018
179 60 61 61 1.970 1.970 1.970

193 8 8 8 2.056 2.056 2.056

221 1 1 1 1.036 1.036 1.036

129 160 58 58 58 2.972 2.972 2.972
163 15 15 15 5.315 5.315 5.315

172 90 99 99 2.816 2.816 2.816

179 188 189 190 4.380 4.380 4.380

191 70 73 73 3.528 3.528 3.528

192 12 12 12 2.323 2.323 2.323

193 53 54 54 2.962 2.962 2.962

205 53 54 54 2.256 2.256 2.256
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221 80 81 81 3.263 3.263 3.263

138 163 10 10 10 0.966 0.966 0.966
172 73 77 77 3.973 3.973 3.973

179 8 8 8 1.893 1.893 1.893

160 129 58 58 58 2.972 2.972 2.972
172 12 13 13 1.262 1.262 1.262

179 2 2 0.872 0.872

221 4 5 5 1.496 1.496 1.496

163 129 15 15 15 5.315 5.315 5.315
138 10 10 10 0.966 0.966 0.966

172 30 34 35 2.004 2.004 2.004

205 2 2 0.676 0.676

172 128 11 12 12 3.018 3.018 3.018
129 90 99 99 2.816 2.816 2.816

138 73 77 7 3.973 3.973 3.973

160 12 13 13 1.262 1.262 1.262

163 30 34 35 2.004 2.004 2.004

179 430 443 445 5.234 5.234 5.234

191 62 67 67 2.368 2.368 2.368

192 6 6 6 1.674 1.674 1.674

193 45 45 45 3.941 3.941 3.941

205 32 32 32 2.055 2.055 2.055

221 55 55 55 4.443 4.443 4.443

179 56 17 19 19 3.533 3.533 3.533
128 60 61 61 1.970 1.970 1.970

129 188 189 190 4.380 4.380 4.380

138 8 8 8 1.893 1.893 1.893

160 2 2 0.872 0.872

172 430 443 445 5.234 5.234 5.234

193 107 109 109 4.249 4.249 4.249

205 30 30 30 5.153 5.153 5.153

221 51 53 53 5.324 5.324 5.324

191 129 70 73 73 3.528 3.528 3.528
172 62 67 67 2.368 2.368 2.368

193 72 73 73 3.849 3.849 3.849

205 74 78 78 1.932 1.932 1.932

221 23 26 26 1.553 1.553 1.553

192 129 12 12 12 2.323 2.323 2.323
172 6 6 6 1.674 1.674 1.674

205 11 12 12 0.922 0.922 0.922

221 1 1 1 0.516 0.516 0.516

193 128 8 8 8 2.056 2.056 2.056
129 53 54 54 2.962 2.962 2.962

172 45 45 45 3.941 3.941 3.941

179 107 109 109 4.249 4.249 4.249

191 72 73 73 3.849 3.849 3.849

205 2 4 4 0.833 0.833 0.833

221 47 47 47 4.631 4.631 4.631

205 129 53 54 54 2.256 2.256 2.256
163 2 2 0.676 0.676

172 32 32 32 2.055 2.055 2.055

179 30 30 30 5.153 5.153 5.153

191 74 78 78 1.932 1.932 1.932

192 11 12 12 0.922 0.922 0.922

193 2 4 4 0.833 0.833 0.833

221 148 151 151 4.753 4.753 4.753

221 128 1 1 1 1.036 1.036 1.036
129 80 81 81 3.263 3.263 3.263

160 4 5 5 1.496 1.496 1.496

172 55 55 55 4.443 4.443 4.443

179 51 53 53 5.324 5.324 5.324

191 23 26 26 1.553 1.553 1.553

192 1 1 1 0.516 0.516 0.516

193 47 47 47 4.631 4.631 4.631

205 148 151 151 4.753 4.753 4.753

U2-B" P08579 1 111 2 2 0.206 0.206
17 20 2 0.350
20 17 2 0.350
47 111 3 3 3 1.070 1.070 1.070
57 93 72 75 75 3.367 3.367 3.367
101 73 78 78 1.924 1.924 1.924

85 111 6 6 6 3.160 3.160 3.160
93 57 72 75 75 3.367 3.367 3.367
101 44 48 48 3.933 3.933 3.933

103 14 15 15 1.880 1.880 1.880

101 57 73 78 78 1.924 1.924 1.924
93 44 48 48 3.933 3.933 3.933

108 2 2 2 0.877 0.877 0.877

109 2 2 0.576 0.576

111 4 5 5 1.321 1.321 1.321

103 93 14 15 15 1.880 1.880 1.880
109 2 2 0.848 0.848 0.848

111 23 23 23 2.990 2.990 2.990
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108 101 2 2 2 0.877 0.877 0.877
109 101 2 2 0.576 0.576
103 2 2 2 0.848 0.848 0.848
111 1 2 2 0.206 0.206
47 3 3 3 1.070 1.070 1.070
85 6 6 6 3.160 3.160 3.160
101 4 5 5 1.321 1.321 1.321
103 23 23 23 2.990 2.990 2.990
U5-40K Q96DI7 1 8 91 94 94 4.834 4.834 4.834
18 46 51 52 3.907 3.907 3.907
270 6 6 6 1.658 1.658 1.658
275 86 87 87 3.528 3.528 3.528
322 23 24 24 2.990 2.990 2.990
6 8 137 140 142 2.844 2.844 2.844
18 36 48 51 1.750 1.750 1.750
270 9 11 11 0.931 0.931 0.931
275 62 71 71 2.777 2.777 2.777
322 9 14 15 1.663 1.663 1.663
8 1 91 94 94 4.834 4.834 4.834
6 137 140 142 2.844 2.844 2.844
270 6 6 6 1.809 1.809 1.809
275 66 66 66 4.785 4.785 4.785
322 2 2 2 2.667 2.667 2.667
349 4 4 4 3.251 3.251 3.251
18 1 46 51 52 3.907 3.907 3.907
6 36 48 51 1.750 1.750 1.750
270 8 9 10 0.674 0.674 0.674
275 126 135 136 4.576 4.576 4.576
322 45 46 46 15.244 15.244 15.244
349 8 12 12 2.838 2.838 2.838
131 148 82 90 90 11.321 11.321 11.321
148 131 82 90 90 11.321 11.321 11.321
184 74 74 74 14.767 14.767 14.767
184 148 74 74 74 14.767 14.767 14.767
226 270 119 133 133 2.234 2.234 2.234
270 1 6 6 6 1.658 1.658 1.658
6 9 11 11 0.931 0.931 0.931
8 6 6 6 1.809 1.809 1.809
18 8 9 10 0.674 0.674 0.674
226 119 133 133 2.234 2.234 2.234
275 14 21 21 1.905 1.905 1.905
275 1 86 87 87 3.528 3.528 3.528
6 62 71 71 2.777 2.777 2.777
8 66 66 66 4.785 4.785 4.785
18 126 135 136 4.576 4.576 4.576
270 14 21 21 1.905 1.905 1.905
322 1 23 24 24 2.990 2.990 2.990
6 9 14 15 1.663 1.663 1.663
8 2 2 2 2.667 2.667 2.667
18 45 46 46 15.244 15.244 15.244
349 8 4 4 4 3.251 3.251 3.251
18 8 12 12 2.838 2.838 2.838
WBP11 QIY2W2 46 98 33 33 33 1.999 1.999 1.999
48 59 2 2 0.937 0.937
81 5 5 5 0.958 0.958 0.958
51 109 66 66 66 3.015 3.015 3.015
117 6 6 6 0.924 0.924 0.924
59 48 2 2 0.937 0.937
81 2 2 2 0.966 0.966 0.966
117 2 2 2 2.937 2.937 2.937
81 48 5 5 5 0.958 0.958 0.958
59 2 2 2 0.966 0.966 0.966
98 46 33 33 33 1.999 1.999 1.999
105 109 175 180 180 4.827 4.827 4.827
599 2 2 0.281 0.281
109 51 66 66 66 3.015 3.015 3.015
105 175 180 180 4.827 4.827 4.827
372 2 2 0.213 0.213
117 51 6 6 6 0.924 0.924 0.924
59 2 2 2 2.937 2.937 2.937
168 218 7 7 7 3.202 3.202 3.202
218 168 7 7 7 3.202 3.202 3.202
302 316 12 19 19 1.328 1.328 1.328
303 316 27 28 28 3.472 3.472 3.472
322 3 4 1.111 1.111
316 302 12 19 19 1.328 1.328 1.328
303 27 28 28 3.472 3.472 3.472
322 24 27 27 2.292 2.292 2.292
325 14 14 14 1.621 1.621 1.621
322 303 3 4 1.111 1.111
316 24 27 27 2.292 2.292 2.292
325 316 14 14 14 1.621 1.621 1.621
372 109 2 2 0.213 0.213
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556 565 43 45 45 2.552 2.552 2.552
572 16 17 17 2.536 2.536 2.536
590 2 0.917 0.917 0.917
557 590 9 9 9 2.093 2.093 2.093
614 2 2 2 1.442 1.442 1.442
565 556 43 45 45 2.552 2.552 2.552
590 11 13 13 2.100 2.100 2.100
614 4 4 4 2.175 2.175 2.175
572 556 16 17 17 2.536 2.536 2.536
590 42 48 48 2.624 2.624 2.624
599 4 4 4 2.865 2.865 2.865
610 4 4 4 2.320 2.320 2.320
614 9 9 9 2.576 2.576 2.576
590 556 2 2 2 0.917 0.917 0.917
557 9 9 9 2.093 2.093 2.093
565 11 13 13 2.100 2.100 2.100
572 42 48 48 2.624 2.624 2.624
599 95 95 95 4.091 4.091 4.091
610 98 104 104 2.992 2.992 2.992
614 36 36 36 2.399 2.399 2.399
599 105 2 2 0.281 0.281
572 4 4 4 2.865 2.865 2.865
590 95 95 95 4.091 4.091 4.091
614 48 49 49 3.666 3.666 3.666
610 572 4 4 4 2.320 2.320 2.320
590 98 104 104 2.992 2.992 2.992
626 11 11 11 2.141 2.141 2.141
614 557 2 2 2 1.442 1.442 1.442
565 4 4 4 2.175 2.175 2.175
572 9 9 9 2.576 2.576 2.576
590 36 36 36 2.399 2.399 2.399
599 48 49 49 3.666 3.666 3.666
635 3 3 3 1.626 1.626 1.626
626 610 11 11 11 2.141 2.141 2.141
635 614 3 3 3 1.626 1.626 1.626
YBOX1 P67809 26 53 13 20 22 1.686 1.686 1.686
58 2 2 0.896 0.896
301 4 4 1.629 1.629
53 26 13 20 22 1.686 1.686 1.686
58 26 2 2 0.896 0.896
296 304 25 30 31 1.220 1.220 1.220
301 26 4 4 1.629 1.629
304 296 25 30 31 1.220 1.220 1.220
ZC3H18 Q86VM9 149 168 21 22 22 16.541 16.541 16.541
177 7 8 8 6.115 6.115 6.115
158 168 113 123 124 11.070 11.070 11.070
177 5 5 5 2.437 2.437 2.437
184 2 3 3 0.537 0.537 0.537
211 2 13 0.234 0.234
500 2 3 0.153 0.153
168 149 21 22 22 16.541 16.541 16.541
158 113 123 124 11.070 11.070 11.070
184 21 21 21 2.761 2.761 2.761
188 13 13 13 2.775 2.775 2.775
177 149 7 8 8 6.115 6.115 6.115
158 5 5 5 2.437 2.437 2.437
187 3 3 3 2.201 2.201 2.201
188 42 51 52 3.867 3.867 3.867
184 158 2 3 3 0.537 0.537 0.537
168 21 21 21 2.761 2.761 2.761
188 180 212 219 5.190 5.190 5.190
186 188 47 53 55 6.102 6.102 6.102
187 177 3 3 3 2.201 2.201 2.201
188 168 13 13 13 2.775 2.775 2.775
177 42 51 52 3.867 3.867 3.867
184 180 212 219 5.190 5.190 5.190
186 47 53 55 6.102 6.102 6.102
211 158 2 13 0.234 0.234
217 16 17 0.749 0.749
217 211 16 17 0.749 0.749
309 314 26 27 27 2.917 2.917 2.917
319 9 9 9 2.449 2.449 2.449
314 309 26 27 27 2.917 2.917 2.917
319 26 26 26 2.899 2.899 2.899
328 1 1 1 0.498 0.498 0.498
319 309 9 9 9 2.449 2.449 2.449
314 26 26 26 2.899 2.899 2.899
343 4 4 0.392 0.392
328 314 1 1 1 0.498 0.498 0.498
343 319 4 4 0.392 0.392
838 3 3 0.175 0.175
450 510 2 2 2 1.017 1.017 1.017
463 499 2 4 4 0.550 0.550 0.550
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480 622 11 11 11 1.434 1.434 1.434
484 499 2 2 0.338 0.338
500 2 2 0.184 0.184
499 463 2 4 4 0.550 0.550 0.550
484 2 2 0.338 0.338
510 3 4 4 0.941 0.941 0.941
516 4 5 5 0.841 0.841 0.841
622 3 3 0.203 0.203
500 158 2 3 0.153 0.153
484 2 2 0.184 0.184
651 2 2 2 1.225 1.225 1.225
510 450 2 2 2 1.017 1.017 1.017
499 3 4 4 0.941 0.941 0.941
516 42 46 46 1.636 1.636 1.636
516 499 4 5 5 0.841 0.841 0.841
510 42 46 46 1.636 1.636 1.636
622 480 11 11 11 1.434 1.434 1.434
499 3 3 0.203 0.203
635 25 26 26 2.308 2.308 2.308
638 67 68 68 3.345 3.345 3.345
639 80 80 80 3.614 3.614 3.614
651 62 64 64 2.503 2.503 2.503
661 18 18 18 1.188 1.188 1.188
827 4 4 4 0.731 0.731 0.731
631 635 24 42 46 0.839 0.839 0.839
638 109 115 115 3.333 3.333 3.333
639 154 158 161 3.956 3.956 3.956
651 35 50 53 1.517 1.517 1.517
661 6 7 7 1.230 1.230 1.230
635 622 25 26 26 2.308 2.308 2.308
631 24 42 46 0.839 0.839 0.839
639 12 14 14 1.925 1.925 1.925
651 23 37 38 0.761 0.761 0.761
661 8 11 11 0.701 0.701 0.701
638 622 67 68 68 3.345 3.345 3.345
631 109 115 115 3.333 3.333 3.333
661 38 38 38 1.975 1.975 1.975
880 2 2 0.364 0.364
921 2 2 2 1.120 1.120 1.120
639 622 80 80 80 3.614 3.614 3.614
631 154 158 161 3.956 3.956 3.956
635 12 14 14 1.925 1.925 1.925
661 24 29 29 1.549 1.549 1.549
651 500 2 2 2 1.225 1.225 1.225
622 62 64 64 2.503 2.503 2.503
631 35 50 53 1.517 1.517 1.517
635 23 37 38 0.761 0.761 0.761
780 9 9 9 0.732 0.732 0.732
827 6 6 0.246 0.246
880 9 9 9 1.608 1.608 1.608
901 7 7 7 0.926 0.926 0.926
908 4 6 6 1.105 1.105 1.105
918 2 2 2 0.762 0.762 0.762
921 2 3 3 0.717 0.717 0.717
948 4 4 0.614 0.614
661 622 18 18 18 1.188 1.188 1.188
631 6 7 7 1.230 1.230 1.230
635 8 11 11 0.701 0.701 0.701
638 38 38 38 1.975 1.975 1.975
639 24 29 29 1.549 1.549 1.549
671 2 6 7 0.558 0.558 0.558
880 2 2 2 0.602 0.602 0.602
671 661 2 6 7 0.558 0.558 0.558
758 761 4 5 5 1.375 1.375 1.375
761 758 4 5 5 1.375 1.375 1.375
766 780 5 12 12 0.966 0.966 0.966
769 780 11 13 13 2.064 2.064 2.064
780 651 9 9 9 0.732 0.732 0.732
766 5 12 12 0.966 0.966 0.966
769 11 13 13 2.064 2.064 2.064
814 14 15 15 1.278 1.278 1.278
817 9 12 12 1.649 1.649 1.649
783 814 15 19 19 1.225 1.225 1.225
817 2 2 2 1.391 1.391 1.391
823 2 3 3 0.684 0.684 0.684
827 2 2 0.707 0.707
880 2 2 2 0.794 0.794 0.794
789 817 32 32 32 2.229 2.229 2.229
823 10 11 11 0.990 0.990 0.990
827 10 11 11 0.985 0.985 0.985
880 2 2 2 0.894 0.894 0.894
814 780 14 15 15 1.278 1.278 1.278
783 15 19 19 1.225 1.225 1.225
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Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID
823 16 20 20 0.894 0.894 0.894
827 26 33 34 1.388 1.388 1.388
861 2 3 4 1.111 1.111 1.111
880 5 1.287 1.287 1.287
817 780 9 12 12 1.649 1.649 1.649
783 2 1.391 1.391 1.391
789 32 32 32 2.229 2.229 2.229
827 72 78 80 2.225 2.225 2.225
861 3 3 3 1.821 1.821 1.821
823 783 2 3 3 0.684 0.684 0.684
789 10 11 11 0.990 0.990 0.990
814 16 20 20 0.894 0.894 0.894
861 3 3 3 2.393 2.393 2.393
827 622 4 4 4 0.731 0.731 0.731
651 6 6 0.246 0.246
783 2 2 0.707 0.707
789 10 11 11 0.985 0.985 0.985
814 26 33 34 1.388 1.388 1.388
817 72 78 80 2.225 2.225 2.225
880 12 14 14 1.460 1.460 1.460
838 343 3 3 0.175 0.175
861 814 2 3 4 1.111 1.111 1.111
817 3 3 3 1.821 1.821 1.821
823 3 3 3 2.393 2.393 2.393
880 36 39 39 3.341 3.341 3.341
901 3 3 3 2.078 2.078 2.078
908 7 7 7 1.893 1.893 1.893
933 4 5 5 0.949 0.949 0.949
880 638 2 2 0.364 0.364
651 9 9 9 1.608 1.608 1.608
661 2 2 2 0.602 0.602 0.602
783 2 2 2 0.794 0.794 0.794
789 2 2 2 0.894 0.894 0.894
814 5 5 5 1.287 1.287 1.287
827 12 14 14 1.460 1.460 1.460
861 36 39 39 3.341 3.341 3.341
901 47 48 48 2.242 2.242 2.242
908 27 28 28 2.256 2.256 2.256
918 17 20 20 2.766 2.766 2.766
921 21 21 21 2.008 2.008 2.008
933 22 23 23 1.685 1.685 1.685
936 4 4 4 1.142 1.142 1.142
948 6 6 6 1.585 1.585 1.585
901 651 7 7 7 0.926 0.926 0.926
861 3 3 3 2.078 2.078 2.078
880 47 48 48 2.242 2.242 2.242
918 41 42 42 2.204 2.204 2.204
921 50 50 50 2.203 2.203 2.203
933 26 28 28 1.629 1.629 1.629
936 12 12 12 1.897 1.897 1.897
948 8 1.292 1.292 1.292
908 651 4 6 6 1.105 1.105 1.105
861 7 7 7 1.893 1.893 1.893
880 27 28 28 2.256 2.256 2.256
921 51 51 51 3.438 3.438 3.438
933 16 18 18 1.770 1.770 1.770
936 10 11 11 1.755 1.755 1.755
948 15 15 15 1.597 1.597 1.597
918 651 2 2 2 0.762 0.762 0.762
880 17 20 20 2.766 2.766 2.766
901 41 42 42 2.204 2.204 2.204
933 77 78 78 2.935 2.935 2.935
936 20 20 20 2.685 2.685 2.685
921 638 2 2 2 1.120 1.120 1.120
651 2 3 3 0.717 0.717 0.717
880 21 21 21 2.008 2.008 2.008
901 50 50 50 2.203 2.203 2.203
908 51 51 51 3.438 3.438 3.438
933 114 118 118 3.182 3.182 3.182
936 25 25 25 2.277 2.277 2.277
933 861 4 5 5 0.949 0.949 0.949
880 22 23 23 1.685 1.685 1.685
901 26 28 28 1.629 1.629 1.629
908 16 18 18 1.770 1.770 1.770
918 77 78 78 2.935 2.935 2.935
921 114 118 118 3.182 3.182 3.182
948 3 5 5 1.294 1.294 1.294
936 880 4 4 4 1.142 1.142 1.142
901 12 12 12 1.897 1.897 1.897
908 10 11 11 1.755 1.755 1.755
918 20 20 20 2.685 2.685 2.685
921 25 25 25 2.277 2.277 2.277
948 13 13 13 1.626 1.626 1.626

Continued on next page
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Name UniProt Residue 1 Residue 2 FDR 1% FDR 3% FDR 5% FDR1% FDR3% FDR5%
ID

948 651 4 4 0.614 0.614
880 6 6 6 1.585 1.585 1.585

901 8 8 8 1.292 1.292 1.292

908 15 15 15 1.597 1.597 1.597

933 3 5 5 1.294 1.294 1.294

936 13 13 13 1.626 1.626 1.626

ZNF830 Q96NB3 2 13 2 0.109
13 2 2 0.109
44 86 4 5 5 1.062 1.062 1.062
86 44 4 5 5 1.062 1.062 1.062
102 104 20 21 21 2.669 2.669 2.669
114 3 3 1.735 1.735

117 8 8 8 2.097 2.097 2.097

104 102 20 21 21 2.669 2.669 2.669
117 20 20 20 4.242 4.242 4.242

149 2 2 2 1.245 1.245 1.245

114 102 3 3 1.735 1.735
117 45 52 53 2.534 2.534 2.534

140 5 6 6 1.236 1.236 1.236

117 102 8 8 8 2.097 2.097 2.097
104 20 20 20 4.242 4.242 4.242

114 45 52 53 2.534 2.534 2.534

140 4 5 5 0.872 0.872 0.872

137 149 2 2 2 0.805 0.805 0.805
140 114 5 6 6 1.236 1.236 1.236
117 4 5 5 0.872 0.872 0.872

149 104 2 2 2 1.245 1.245 1.245
137 2 2 2 0.805 0.805 0.805

190 3 3 3 1.733 1.733 1.733

190 149 3 3 3 1.733 1.733 1.733
216 4 4 4 1.077 1.077 1.077

216 190 4 4 4 1.077 1.077 1.077
234 5 6 6 1.232 1.232 1.232

234 216 5 6 6 1.232 1.232 1.232
329 333 9 10 10 1.841 1.841 1.841
331 339 12 14 15 0.996 0.996 0.996
333 329 9 10 10 1.841 1.841 1.841
339 331 12 14 15 0.996 0.996 0.996
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Data collection

Microscope model

Voltage (kV)

Additional hardware

Detector

Image acquisition mode

Data collection software
Magnification

Pixel size (A)

Electron exposure (e/A2?)

Frames per micrograph

Electron exposure/micrograph (e-/A?)
Exposure time per micrograph (sec)
Defocus range (pm)

Number of datasets

Total number of micrographs collected
Micrographs used for processing

Reconstruction
EMDB map entry
PDB coordinate entry

Image processing
Symmetry imposed

Initial particle images

Final particle images
Resolution (A)

-FSC0.143

Local resolution range (&)
Map sharpening B factor (A?)

Model refinement statistics

Model resolution (A)

Model composition
Non-hydrogen atoms
Protein residues
Nucleic acid residues
Ligands

Refinement method (PHENIX)

RMS deviations
Bond lengths (A)

Bond angles (A)

Validation
MolProbity score
Clashscore
Poor rotamers (%)

C-beta deviations

Ramachandran plot
Outliers (%)

Allowed (%)
Favored (%)

RNA validation
Correct sugar puckers (%)
Good backbone conformations (%)

CaBLAM outliers (%)

FEI Titan Krios |
300
CEOS Cs Corrector
Falcon 11l
Linear (integration)
MaxWare (Thermo Fisher)
59,000x
1.16
45
20
2.25
1
0.9-33
1
10000
4676

pre-Bxt1(core) pre-Bxt2(core)

11694 11693
7ABF TAAV
C1 C1
503208 503208
84539 39336
3.9 4.2
3.4-6.3 35-6.3
-177 -186
4.2 4.2
25835 25798
3884 4151
152 181
3 3
Real-space Real-space
0.005 0.004
1.075 1.094
1.86 1.59
4.95 2.84
0.19 0.18
0 0
0.08 0.05
11.82 8.88
88.10 91.07
99.34 97.24
67.76 59.67
6.4 6.7

pre-B*+2 (SF3B)

11696
7ABH

C1
503208
39336

4.5
39-9.2
-219

4.6

17922
3353
65
0
Real-space

0.005
1.101

14
2.09
0
0

0.25
6.02
93.73

95.38
67.69
1.19

Fig. B.1: Data collection and model refinement statistics. From [I31]. Reprinted with permission
from AAAS. Data acquisition was carried out by Dr. Karl Bertram (Department of Structural Dynamics,

MPI-BPC).
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Chain| Chain Chain | Chain Modelled | Modelled
(pre- | (pre- |Domain/|Total aa/| Modelled | Modelled (pre- | (pre- | Domain | Total aa/| (pre- (pre-
Name | C UniProt ID | Bct1) | Bac+2) | Region nt (pre-Bat1) | (pre-Bec?) | Template Method Name |Cc UniProt ID| Bect) | Bact?) | /Region nt Beact-1) Bact2) Template Method
(= E
snRNP A P09661 w w 255 2-163 2-163 6QX9 docked/adjusted | specific | PRP38 | Q8NAV1 | | 312 1-176 1-176 509Z _|docked/adjusted
B” P08579 B B 225 3-94 3-94 6QX9 docked/adjusted SNU23 | Q96NCO N N 199 79-134 | 79-134 509Z _|docked/adjusted
- 149-225 149-225 BFF7 j MFAP1 P55081 K K 439 271-313 | 271-313 5092 docked/adjusted
SF3A1 Q15459 p P 793 - 47-110 6FF7 docked/adjusted 314-393 | 314-393 - de novo
160-219 160-219 6QX9 docked/adjusted UBLS Q9BZL1 q q 73 1-73 1-73 BAHD docked/adjusted
SF3A2 Q15428 F F 464 45-93 19-93 B6FF4 docked/adjusted WBP11 | Q9Yaw2 | X 2 = = 24-59 = SwissModel docked
- 114-209 6QX9 docked/adjusted
SF3A3 Q12874 4 4 501 1-362 1-362 6QX9 docked/adjusted hNTC CDC5L Q99459 L L 802 8-110 8-110 6FF4 docked/adjusted
392-499 392-499 6FF7 docked/adjusted - 147-159 | SpliProt3D
SmB P14678 m m 240 6-87 6-87 6QX9 docked/adjusted PLRG1 043660 G G 514 181-500 | 181-500 6FF4 docked/adjusted
SmD3 P62318 | | 126 2-84 2-84 6QX9 docked/adjusted CWC15 Q9P013 R R 229 218-226 | 186-229 6FF4 j
SmD1 P62314 n n 119 1-80 1-80 6QX9 docked/adjusted CTNNBL1 | Q8WYA6 - S 571 - 209-563 4HM9
SmD2 P62316 h h 118 13-78 13-78 6QX9 docked/adjusted
SmF P62306 i i 86 4-75 4-75 6QX9 docked/adjusted ‘JC AQR 060306 - U 1485 - 19-1381 5MQF __|docked/adjusted,
SmE P62304 i i 92 11-91 11-91 6QX9 docked/adjusted SYF1 Q9HCS7 = M 855 = 33-738 SMQF _ |docked/adjusted
SmG P62308 Kk k 76 4-76 4-76 6QX9 docked/adjusted PPIE Q9UNP9 o o 301 B 1-82 6FF7 docked/adjusted
NR_00271
U2 snBNA 63 2 2 187 3-15 6FF4 docked/adjusted = 141-160 6FF7 __|docked/adjusted
32:64 5258 docked/adjusted = 166-218 6FF7 __|docked/adjusted
79-85 5258 docked/adjusted - 228-301 6FF7 j
97-184 6Y5Q j
SF3B1 075533 u u 1304 465-1304 5258 docked/adjusted | hNTR SYF3 Q9BZJO - o 848 - 215-467 B6FF4
SF3B2 Q13435 T T 895 458-545 6FF4 docked/adjusted SKIP Q13573 v V. 536 137-162 | 129-162 6FF4 docked/adjusted
563-601 6FF4 docked/adjusted 237-249 | 176-255 B6FF4 docked/adjusted
602 2 de novo 282-313 | 277-334 6FF4 docked/adjusted
603-689 5758 docked/adjusted B 405-438 6FF4 docked/adjusted
SF3B3 Q15393 E E 1222 1-1222 SIFE docked/adjusted RBM22 | QONW64 | P [ 420 15-220 | 15-200 6FF4 docked/adjusted
SF3B4 Q15427 | w w RBRM 424 12-89 5258 docked/adjusted = 201-308 6FF4 _|docked/adjusted
SF3B5 Q9BWJS X X 86 1-79 6FF4 j BUD31 P41223 Q Q 144 3-140 3-140 6FF4 docked/adjusted
SF3B6 Q9Y3B4 z z 125 12-119 12-119 5258 docked/adjusted
PHFS5A Q7RTVO Y y 110 2-101 2-101 B6FF4 j | Splicing PPIL2 Q13356 - t U box | 35-108 - 43-93 | SpliProt3D |docked/adjusted
- 116-159 | SpliProt3D |docked/adjusted
us
|iRNP U5-40K Q96DI7 D D 357 56-357 56-357 3JCR docked/adjusted PPlase |278-433 = 280-435 | SpliProt3D |docked/adjusted
BRR2 075643 s s 2136 404-2125 | 404-2125 4KIT docked/adjusted SRRM1 Q8lYB3 Y Y 904 32-126 | 32-126 6FF4 docked/adjusted
PRP8 Q6P2Q9 A A NTD 2335 63-658 63-658 5092 docked/adjusted PRP17 060508 = 8 I - 114-131 6FF4 docked/adjusted
HB 677-799 677-799 509z docked/adjusted
RT/En 800-1503 | 800-1503 5092 docked/adjusted RES SNU17 | Q9Y388 = 1 322 = 2-123 6FF4 _|docked/adjusted
1528-1755 | 1528-1755 5092 docked/adjusted SNIP Q8TAD8 0 0 396 221-370 | 221-370 6FF7 j
RH 1770-2011 | 1769-2016 5092 j BUD13 | Q9BRDO = 3 619 = 563-619 B6FF4
2055-2068 | 2055-2068 - de novo
Jab1 2069-2335 | 2069-2318 4KIT docked/adjusted Other | TCERG1 | 014776-1| A4 ° FF1-3 | 1098 | 664-845 o SpliProt3D |docked/adjusted
SNU114 | Q15029 r r 972 114-957 63-957 6FF4 docked/adjusted = cC 856-893 = SpliProt3D |docked/adjusted
SmB P14678 f f 240 7-86 7-86 3JCR docked/adjusted 2 FF4-6 896-1080 - 4FQG __|docked/adjusted
SmbD3 P62318 e e 126 4-81 4-81 3JCR docked/adjusted CBP80 Q09161 A5 = 790 26-790 = 1N52__|docked/adjusted
SmD1 P62314 g 9 119 2-95 295 3JCR docked/adjusted CBP20 P52298 | A1 - 156 6-153 = 1N52__|docked/adjusted
SmD2 P62316 a a 118 26-114 26-114 3JCR j MINX M3 - z Z 324 50-78 50-78 5758 docked/adjusted
SmF P62306 b b 86 4-76 4-76 3JCR 141-158 | 141-158 6FF4 j
SmE P62304 c c 92 15-92 15-92 3JCR - 159-168 5758 docked/adjusted
SmG P62308 d d 76 4-72 4-72 3JCR docked/adjusted SRSF1_|Q07955-1| A6 - RRM2 248 122-195 - 203D docked/adjusted
U5 snRNA | X01691.1 5 5 116 3-116 3-116 5092 docked/adjusted KIN17__|060870-1 - 7 393 - 60-142 2CKK docked/adjusted
- 147-179 | ModBase |docked/adjusted
B/us NR_00439
snRNP_| U6 snRNA 4.1 6 6 106 1-46 1-46 5258 docked/adjusted = 274-393 2VIN _|docked/adjusted
= 47-51 6FF4 rebuilt
= 52-57 6FF4 docked/adjusted | Ligands GTP r r 5758 |docked/adjusted
58-76 60-75 6FF7 i Mg?+ r r 6FF4 docked/adjusted
83-95 78-95 6FF4 16P A A 6FF4 j
LSm2 Q9Y333 v - 95 1-90 - 5092 GTG Al Al 1NS2 docked
LSm3 P62310 9 - 102 16-98 - 5092 docked/adjusted
LSm4 Q9Y4Z0 | C - 139 1-80 o 5092 docked/adjusted
LSm5 QoY4y9 | H - 91 10-85 B 5092 docked/adjusted
LSmé P62312 J = 80 8-76 o 5092 docked/adjusted
LSm7 Q9UK45 | A2 = 103 11-89 = 5092 docked/adjusted
LSm8 095777 | A3 = 96 473 = 5092 docked/adjusted
. . - - . . P
Fig. B.2: Modeling summary for pre-B2°*-! and pre-B2°*-2. From [I31]. Reprinted with permission

from AAAS. Model building was overseen by Dr. Berthold Kastner (Department of Cellular Biochemistry,

MPI-BPC) (see
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