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ABSTRACT

Prp8 is an essential protein that regulates spliceosome assembly and conformation during pre-mRNA splicing. Recent cryo-EM
structures of the spliceosome model Prp8 as a scaffold for the spliceosome’s catalytic U snRNA components. Using a new
amino acid probing strategy, we identified a dynamic region in human Prp8 that is positioned to stabilize the pre-mRNA in the
spliceosome active site through interactions with U5 snRNA. Mutagenesis of the identified Prp8 residues in yeast indicates a
role in 5′′′′′ splice site recognition. Genetic interactions with spliceosome proteins Isy1, which buttresses the intron branch point,
and Snu114, a regulatory GTPase that directly contacts Prp8, further corroborate a role for the same Prp8 residues in
substrate positioning and activation. Together the data suggest that adjustments in interactions between Prp8 and U5 snRNA
help establish proper positioning of the pre-mRNA into the active site to enhance 5′′′′′ splice site fidelity.
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INTRODUCTION

Pre-mRNA splicing is an essential step of eukaryotic gene ex-
pression, which results in the removal of intron sequences
from pre-mRNA transcripts. This RNA processing event is
orchestrated by a dynamic ribonucleoprotein (RNP) com-
plex named the spliceosome. During spliceosome assembly,
specific landmark sequences within introns must be properly
recognized in order to distinguish intron sequences from
coding exon sequences. Following early assembly, the spli-
ceosome structures its active site in a process referred to as
activation. Activation allows first step chemistry of splicing
to proceed, in which the spliceosome severs the 5′ splice
site while simultaneously generating an intron lariat interme-
diate. This is followed by second step chemistry, where the 3′

splice site is cleaved concomitant with exon ligation.
Recent cryo-electron microscopy (cryo-EM) structures of

the spliceosome provide an unprecedented view of the orga-
nization of spliceosome components before and after active
site formation (Galej et al. 2016; Bertram et al. 2017a,b;
Zhang et al. 2017). Differences between the stable conforma-
tions represented by the cryo-EM models indicate that a
number of large and small structural rearrangements are re-
quired to generate the catalytic core of the spliceosome,

which is primarily composed of three uridine-rich small nu-
clear RNAs (U snRNAs). Specifically, U2 snRNA positions
the intron branch point, U6 snRNA holds the 5′ end of the
intron and catalytic metals, and U5 snRNA interacts with
the 5′ exon. These snRNAs are all supported by the large scaf-
fold protein Prp8. Prp8 also interacts with several proteins
that are known to regulate different steps of spliceosome as-
sembly and catalysis, placing it at the nexus of structural re-
arrangements that allows the spliceosome to specifically
position splice site consensus sequences at intron boundaries
with high fidelity (Umen and Guthrie 1996; Liu et al. 2007;
Mayerle and Guthrie 2016). Changes in Prp8 structure corre-
late with spliceosome progression, but additional biochemi-
cal analysis is required to delineate which Prp8 interactions
are critical for snRNA active site formation and pre-mRNA
splice site identification. Using chemical probing, we have
identified a dynamic interaction between Prp8 and U5
snRNA, and functionally link the residues involved to specific
splicing factors in yeast. Combined, our data serve as a plat-
form for additional mechanistic interpretation of spliceo-
some structural features.
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RESULTS AND DISCUSSION

Two-stage chemical probing
pinpoints structural changes between
spliceosome conformations

In this study, we sought to investigate in-
teractions that regulate spliceosome tran-
sitions involved in activation and
catalysis by identifying changes in solvent
accessibility of lysine side chains. Because
of their positive charge, lysine side chains
often play important structural roles in
RNPs by helping stabilize specific con-
formations of the phosphate backbone
of RNA. We devised a new two-stage
amino acid probing strategy combined
with tandem-mass spectrometry (MS/
MS) to assess the reactivity of lysine
side chains of the proteins in spliceosome
complexes (Fig. 1A). First, we acetylated
primary amines of lysine residues that
are solvent accessible and reactive in af-
finity-purified spliceosomes assembled
in vitro. We then denatured proteins via
SDS-PAGE and modified the remaining
nonacetylated lysine residues with a deu-
terated acetylation reagent. The addition-
al mass units of the deutero-acetyl group
are sufficient to differentiate the modifi-
cation state as acetyl or deutero-acetyl
by MS/MS (Fig. 1B,C). The second mod-
ification step is important because tryp-
sin cleaves after arginine and lysine
residues, but not after acetyl-lysine. By
ensuring complete acetylation of all ly-
sines, the two-stage modification strategy
guarantees that trypsin digestion will
generate comparable peptides from splice-
osomes in different conformations for
MS/MS analysis. Accordingly, nearly all
peptides from spliceosome proteins that
we sequenced by MS/MS ended in argi-
nine (Fig. 1D). Furthermore, we found
the majority of individual lysine residues
have the same acetylation state when
comparing replicate samples of two different spliceosome
assembly states, indicating that the modification patterns
are reproducible across multiple preparations (Fig. 1E).

We applied the probing method to purified human preac-
tivated spliceosomes containing all five snRNPs (B-like com-
plex) (Bertram et al. 2017a) and human spliceosomes
captured after the first step of catalysis (C/C∗ complex)
(Jurica et al. 2002) to assess structural differences before
and after the RNA catalytic core is established (Fig. 2A;
Supplemental Fig. 1). We interpreted lysines modified with

an acetyl group as being in a solvent accessible position in na-
tive spliceosomes. In contrast, lysines modified with a deu-
tero-acetyl group were presumably protected during the
first round of chemical probing by molecular interactions.
Although the spliceosome undergoes significant gain and
loss of proteins along the transition from the preactivation
state (B complex) through activation (Bact complex) to the
catalytic states (C and C∗ complexes), we were able to com-
pare the modification state of 91 lysine residues from twelve
proteins identified in both samples. Over 70% of these lysines
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C

FIGURE 1. Two-step lysine probing of spliceosomes. (A) Schematic of probing strategy: First ly-
sines in native spliceosomes are modified by acetylation (yellow stars), and then following dena-
turation are modified with a deutero-acetylating reagent (cyan stars). (B) Sample MS spectra
containing two doubly charged peptides of m/z 555.37 and m/z 556.88 corresponding to the pep-
tide VLIGVGKLLR from splicing factor 3B subunit 3. In the m/z 555.37 version, the lysine is
modified with an acetyl group, whereas in the m/z 556.88 version, the lysine is modified with a
deuteron-acetyl group, leading to a 3 Dalton mass difference. (C) Theoretical modeling of the
predicted isotope pattern for the lighter version using MS-Isotope (Chalkley et al. 2005) indicates
a fourth isotope peak would contribute 5% peak intensity to the first isotope of the deuterated
monoisotopic peak signal, and have an insignificant effect on overall quantification. (D)
Frequency of C-terminal amino acid identity for all unique MS/MS measured peptides from pre-
catalytic and catalytic spliceosomes. (E) Frequency of individual lysines identified with the same,
mixed, or opposite modification state between replicate samples of preactivated and catalytic
spliceosomes.
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maintained the same modification state, while 17% showed a
distinct change. Modification of the remaining portion was
variable among replicates.
Aiming to relate changes in lysine reactivity to structure,

we examined the location of differentially modified lysine
residues shared in the two available cryo-EM models of hu-
man spliceosomes in a preactivation state (B complex
[Bertram et al. 2017a]) and a catalytic state remodeled for
exon ligation (C∗ complex [Zhang et al. 2017]). Based on
the presence of both Isy1, a C complex factor, and Prp22, a
C∗ complex factor, in theMS/MS peptides, the catalytic com-
plex that we purified likely represents a mixture of spliceo-
somes in both catalytic states. The lysine residues are from
U5 snRNP proteins that remain with the spliceosome from
preactivation through catalysis: seven in Prp8 and one each
in EFTUD2 and SNRNP40. Interestingly, they all were iden-
tified as solvent accessible in preactivated spliceosomes, and

as protected in catalytic spliceosomes.
The change in reactivity suggests that
side chains acquire an interaction partner
at some point between the preactivation
state and splicing catalysis. The cryo-
EM structures clearly bear out this pre-
diction for Prp8 residues K68, which is
located in interaction interfaces that
Prp8 acquires with Bud31 during activa-
tion. Likewise, SNRNP40 residue K286
sits in an interaction interface with
Prp8, which is present in the catalytic
C∗ spliceosome, but not the preactivation
B complex.

The structural basis for the change in
modification state for the five other dif-
ferentially modified lysine side chains is
not as clear-cut. Four conserved Prp8 ly-
sines, K595, K597, K1300, and K1306,
are notable in that they are located within
16 Å of each other in the region of Prp8
surrounding stem loop I of U5 snRNA
(U5 SLI) as it interacts with the 5′ exon
of pre-mRNA (Fig. 2B,C; Supplemental
Fig. 2). Consistent with our interpreta-
tion of the probing data, the four lysine
residues appear in contact with RNA or
protein in the cryo-EM reconstruction
of the human catalytic spliceosome (C∗

complex [Zhang et al. 2017]), which in-
cludes side chains in the Prp8 model.
Residues K595 and K597 are situated in
a turn between two α helices in the ami-
no-terminal domain of Prp8, and in po-
sition to stabilize a highly negative groove
created by a bend in U5 SLI toward the 5′

splice site (Fig. 2D). In the C∗ spliceo-
some structure the terminal nitrogen of

K595 is modeled as 2.9 and 3.1 Å, respectively, from C45
and A30 phosphate groups of U5 snRNA, which are only
4.0 Å apart. K597 is closer to the phosphate groups of U46
and A30 (3.3 and 3.9 Å, respectively [Fig. 2D]). K1300 and
K1306 are in the reverse transcriptase/endonuclease (RT/
EN) domain of PRP8. K1306 sits between the phosphates
of U5 snRNA residue C39 and a nucleotide in the 5′ exon.
K1300 is surrounded by other amino acids in Prp8 with no
clear access to solvent.
Based on the chemical probing results, we anticipated the

same four Prp8 lysine residues to appear in a solvent accessi-
ble conformation in the cryo-EM structure of human preac-
tivated spliceosome (Bertram et al. 2017a). Unfortunately,
the limited resolution of the cryo-EM density precluded
modeling of side chains and their potential interactions.
Compared with the catalytic structure, residues K1300 and
K1306 are significantly shifted relative to U5 snRNA due to

A
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FIGURE 2. Prp8 lysine residues surrounding U5 snRNA change accessibility between preactiva-
tion and catalysis. (A) Schematic of spliceosome assembly highlighting involvement of U snRNPs
in the formation of the catalytic core during activation, and the two steps of splicing chemistry. (B,
left) Schematic of Prp8 domain structure and relative positions of four differentially modified ly-
sine residues that spatially located near U5 snRNA in the spliceosome. RT/EN indicates the large
reverse transcriptase/endonuclease domain. (Right) Secondary structure of U5 snRNA highlight-
ing SLI interaction with the 5′ exon of pre-mRNA. Red indicates the region of U5 snRNA shown
in C. (C) Position of Prp8 (gray) side chains K595, K597, K1300, and K1306 (cyan) interactions
with U5 SLI (blue) contacting the 5′ exon (gold) U5 SLI heteroatoms are colored red. (D) View of
Prp8 K595 and K597 in close proximity to the phosphate backbone of U5 SLI. Distances (Å) from
lysine terminal nitrogens and nonbridging oxygens of phosphates of U5 snRNA C45, U46, and
A30 are indicated by the dotted red lines. Panels C and D are derived from the cryo-EM model
of the human catalytic (C∗) spliceosome (Zhang et al. 2017).
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a conformational change between the RT/EN and amino-ter-
minal domains of Prp8. K595 and K597 remain in the same
orientation relative to U5 snRNA and are positioned to stabi-
lize a similar bend in U5 SLI (Supplemental Fig. 3). The dis-
cordance between chemical probing results and the position
of these lysine residues in the preactivated spliceosome struc-
ture may indicate that the solvent accessible conformation is
too flexible or too brief to be observed by cryo-EM. Likewise,
our probingmethod cannot discern lysine side chains that are
continuously solvent accessible from those that shift between
solvent accessible and protected conformations over the time
scale of the probing experiment. It is also worth noting that
the two pre-mRNAs sequences used to assemble preactivated
spliceosomes differed, which may result in different confor-
mations of the complexes (Bertram et al. 2017a).

Differentially modified lysine residues genetically
interact with multiple factors involved in 5′′′′′ splice
site recognition

If Prp8 residues K595 and K597 modulate U5 SLI structure,
then neutralizing their positive charge will alter the confor-
mation of U5 SLI and affect splicing. To test this hypothesis,
we mutated the homologous residues (K670 and K672) to al-
anine in Saccharomyces cerevisiae. In yeast spliceosome cryo-
EM structures, these residues interact with a similar bend in
U5 SLI in a preactivated B complex (Plaschka et al. 2017) and
both C and C∗ catalytic complexes (Galej et al. 2016; Wan
et al. 2016; Yan et al. 2016; Fica et al. 2017), suggesting that
any functional role is evolutionarily conserved (Supplemen-
tal Fig. 3). Yeast harboring the prp8-K670/672A allele are vi-
able, and show no differences in growth relative to wild type
PRP8 (Supplemental Fig. 4A,B). However, prp8-K670/672A
mutants do exhibit increased intron retention of two endog-
enous pre-mRNAs as measured by RT-qPCR, indicating
the lysine to alanine mutations modestly perturb splicing
(Fig. 3A).

To assess whether the prp8-K670/672A allele impacts splic-
ing fidelity and/or efficiency, we used anACT1–CUP1 report-
er system that directly links intron removal to the ability of
yeast to grow in the presence of copper (Fig. 3B; Lesser and
Guthrie 1993). With the reporter, the prp8-K670/672A strain
grew identically to wild type PRP8 yeast, except when the re-
porter contained a guanine to adenosine substitution at the
5th position of the 5′ splice site consensus (G5A). RT-PCR
confirmed a small decrease in reporter splicing (Supplemen-
tal Fig. 4C). By weakening interactions between the intron
and U6 snRNA, the G5A mutation has been suggested to
make the 5′ splice site “slippery,” thereby destabilizing the in-
tron’s position in the active site of the spliceosome (Parker
and Guthrie 1985). Exacerbation of the G5A phenotype by
prp8-K670/672A may be due to additional “slack” in the po-
sition of the upstream exon when U5 SLI conformation is
disturbed. The effect appears to be specific to 5′ splice site
recognition because Prp8-K670/672A yeast have no pheno-

type when the branch point or 3′ splice site is mutated in
the ACT1–CUP1 reporter (Supplemental Fig. 4).
To further explore the role of the Prp8 lysine residues in

spliceosome function, we searched for genetic interactions
between prp8-K670/672A and proteins involved in splicing
activation and first step chemistry. Isy1 is a nonessential pro-
tein that is implicated in stabilizing the first step active site
conformation of the spliceosome to help maintain fidelity
during transition to second step chemistry (Villa and
Guthrie 2005). Consistent with this model, Isy1 contacts in-
tron residues flanking the branch point in structures of S. cer-
evisiae C spliceosome caught immediately after first step
chemistry (Supplemental Fig. 5; Galej et al. 2016). Like
prp8-K670/672A, isy1Δ yeast are viable with no growth phe-
notype, but show reduced splicing efficiency in vivo (Dix
et al. 1999). Strikingly, when Isy1 is deleted, the prp8-K670/
672A mutation becomes lethal (Fig. 3C). This synthetic le-
thality suggests that the spliceosome as a whole cannot com-
pensate for a combined loss of interactions supporting the
first step active site conformation.
TheU5 snRNPprotein Snu114 is aGTPase that is proposed

to regulate early snRNA rearrangements involved in spliceo-
some activation (Brenner and Guthrie 2005; Frazer et al.
2009). Its influence on those rearrangements is likely indirect
considering that Snu114 sits at a considerable distance from
the RNA catalytic core in cryo-EM structures of the spliceo-
some, where it primarily contacts the amino-terminal domain
of Prp8 (Supplemental Fig. 5). Our prp8-K670/672A allele ex-
acerbates temperature sensitivity of snu114-40 (M842R) and
snu114-50 (E910G, C928R) alleles (Fig. 3D; Brenner and
Guthrie 2005), suggesting that Snu114’s influence on splicing
is mediated, at least in part, by these Prp8 lysine residues. The
same Snu114 alleles also show genetic interactions with Prp8
mutations linked to activation (Brenner andGuthrie 2005), as
well as with deletions in U5 internal loop I (U5 ILI) at the base
of U5 SLI (ΔC79-A81 and ΔA78-A81, ΔC11, ΔC112-G113)
(Frazer et al. 2009). Considering these data in conjunction
with the position of the lysines relative to SLI in the cryo-
EM structures, we suggest that the role of Snu114 in spliceo-
some activation is linked to Prp8’s hold on U5 snRNA.

Implications for Prp8’s role in 5′′′′′ splice site positioning

Cryo-EM structures of human spliceosomes reveal the central
role that Prp8 plays in supporting RNA interactions at the
heart of the splicing machinery (Bertram et al. 2017a,b;
Zhang et al. 2017). It augmentsU2andU6 snRNA interactions
with the intron andwith each other as the branch point region
is juxtaposed to the 5′ splice site. Prp8 also cradles much of
U5 snRNA, and encloses the 5′ exon as it interacts with U5
SLI. U5 snRNA contacts with the exon are thought to assist
in docking the 5′ splice site into the spliceosome catalytic
core (Turner et al. 2004). Consistent with that model, muta-
tions that alter the alignment of U5 SLI and the 5′ exon inhibit
the second step of splicing (O’Keefe and Newman 1998).
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Differences between the structures of human preactivated
and catalytic spliceosomes imply large-scale rearrangements
in U2 and U6 snRNA conformations and their interactions
with the intron to create the active sites for first and second
step chemistries (Bertram et al. 2017a; Zhang et al. 2017).
Although more subtle, U5 snRNA interactions with the 5′

exon are also different before and after catalytic activation.
Specifically, the last nucleotide of the exon has a different
U5 snRNA base-pairing partner (U41 instead of U40) in
the human catalytic versus preactivation complex, and the
number of base interactions decreases from five to three
(Fig. 4B). Chemical probing supports a transient loss and
gain of interactions for both RNA and protein in this region
during spliceosome activation. Our protein probing indicates
Prp8 lysine residues in the area surrounding the loop of U5
SLI are accessible to an acetylating reagent, and then become
protected by first step catalysis. Bases in the loop of U5
snRNA SLI also show increased protection to chemical prob-
ing following preactivation (Anokhina et al. 2013). To ex-
plain these changes in reactivity, and the difference in U5
snRNA interactions with pre-mRNA visualized by cryo-
EM, we hypothesize that a transient conformation of the pre-
activated spliceosome exists. In our model, Prp8 partially dis-
engages the U5 SLI, allowing it to reposition relative to the 5′

exon, which aids in docking the 5′ splice site into the first step
active site.
Given this model, it is not surprising that lysines mediating

U5 SLI contacts genetically interact with factors previously
implicated in spliceosome catalytic core formation, i.e., acti-
vation. Individually, the 5′ splice site G5A mutation impairs
5′ splice site positioning by removing a pre-mRNA/U6

A

B

C

D

FIGURE 3. prp8-K670/672A genetically interacts with 5′ splice site and
splicing factors involved in activation and first step chemistry. (A) qRT-
PCR analysis of relative NSP1 and SEC17 pre-mRNA transcript abun-
dance in prp8-K670/672A (gray bars) and PRP8 (black bars). Primers
that span the intron-exon junction were used to quantify pre-mRNA
abundance, while primers that amplify a portion of the 3′ exon present
in both the pre- andmature mRNAwere used to quantify total RNA lev-
els. Fraction unspliced is calculated as Fpre-mRNA/Ftotal. The average of
three biological replicates is shown. Error bars represent standard error
of the mean. (B) The ACT1–CUP1 splicing reporter. The ACT1 intron is
fused to the CUP1 coding sequence such that splicing efficiency can
be directly assessed by relative yeast growth on copper-containing me-
dia. The 5′ and 3′ and branch site consensus sequences are shown.
Numbers indicate position of specific nucleotide where the first nucle-
otide of the intron is defined as one. Prp8-K670/672A and PRP8 yeast
strains carrying either a WT or G5A ACT1–CUP1 reporter were serially
diluted and spotted onto plates containing varying concentrations of
Cu2+ and allowed to grow at 30°C for 2 d. (C) Double mutant isy1Δ
prp8Δ strains carrying either prp8-K670/672A or PRP8 on a HIS plasmid
and PRP8 on a URA plasmid were serially diluted and spotted onto
5FOA or –ura plates and grown at 30°C. 5FOA prohibits growth of
URA+ strains. prp8-K670/672A is lethal in an isy1Δ background. (D)
Double mutant snu114Δ prp8Δ complemented with prp8-K670/672A
or PRP8 in combination with SNU114, or snu114-30, snu114-40, or
snu114-50 C-terminal truncation alleles were serially diluted and spot-
ted onto rich media and allowed to grow at 37°C and 25°C.
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contact, and Isy1 null yeast lose contacts between Isy1 and the
intron branch. The Snu114 mutants exhibit temperature sen-
sitive growth, presumably from problems activating the spli-
ceosome. In combination with our Prp8 lysine mutations
these phenotypes are more severe, indicating that coopera-
tion of these discrete molecular interactions supports the first
step active site and is a piece of the larger mechanism used by
the spliceosome to control accurate positioning of the pre-
mRNA.

MATERIALS AND METHODS

In vitro assembly of preactivated and catalytic
spliceosomes

Catalytic and preactivated pre-mRNA substrates are derivatives of
the AdML transcript, and tagged with three MS2 sites in the intron
or the 3′ end, respectively. T7 runoff transcription was used to gen-
erate G(5′)ppp(5′)G-capped radiolabeled pre-mRNA, which was gel
purified and preincubated with a 50-fold excess of MS2-MBP fusion
protein. In vitro splicing reactions contained 10 nM pre-mRNA, 80

mM potassium glutamate, 2 mMmagnesium acetate, 2 mM ATP, 5
mM creatine phosphate, 0.05 mg/mL tRNA, and 40% HeLa cell
(Biovest International) nuclear extract.

Preactivated spliceosomes were generated in vitro by first forming
the exon definition complex containing U1/U2/U4/U5/U6 snRNAs
on a substrate that consists of an exon proceeded by a branch point
and 3′ splice site, and then adding 100-fold excess 5′ splice site oligo
(AAGGUAAAGUAU) as previously described (Schneider et al.
2010), but with the following changes: (i) the exon definition com-
plex was formed for 8 min prior to 5′ splice site oligo addition, and
then incubated an additional 7 min, and (ii) the 3′ exon of the pre-
mRNA lacked a 5′ splice site. Catalytic spliceosomes arrested after
first step chemistry and containing U2/U5/U6 snRNAs were accu-
mulated in vitro using a pre-mRNA with a mutant GG 3′ splice
site, and excess unspliced pre-mRNA from catalytic splicing reac-
tions were depleted by DNA oligo directed RNase H digestion as
previously described (Jurica et al. 2002).

pre-mRNA sequences (intron sequence is underlined)

Catalytic pre-mRNA

5′-GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTC
ATCTAGGATCTGATATCATCGATGAATTCGAGCTCGGTACCC
CGTTCGTCCTCACTCTCTTCCGCATCGCTGTCTGCGAGGGC
CAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGCGGGCATGA
CTTCTGCCCTCGAGCGATATCCGTACACCATCAGGGTACGA
GCTAGCCCATGGCGTACACCATCAGGGTACGACTAGTAGAT
CTCGTACACCATCAGGGTACGGAATTCTCTAGACTCGAGTT
ATTAACCCTCACTAAAGGCAGTAGTCAAGGGTTTCCTTGAA
GCTTTCGTACTAACCCTTTCCCTTTTTTTTCCTCTCTCTCTG
GCCATGGGTCGACGTTGAGGACAAACTCTTCGCGGTCTTTC
CAGTACTCTTGGA-3′

Preactivated pre-mRNA

5′-GGGCAAGGGTTTCCTTGAAGCTTTCGTACTAACCCTTTC
CCTTTTTTTTCCTCTCTCTCTGGCCATGGGTCGACGTTGAG
GACAAACTCTTCGCGGTCTTTCCAGTACTCTTGGATCCGATA
TCCGTACACCATCAGGGTACGAGCTAGCCCATGGCGTACAC
CATCAGGGTACGACTAGTAGATCTCGTACACCATCAGGGTA
CGGAATTCTCT-3′

Spliceosome purification

Catalytic spliceosomes were fractionated by size exclusion chroma-
tography using Sephacryl S-400 resin (GE Healthcare) in SCB2H-N
buffer (20 mMHEPES pH 7.9, 150mMKCl, 5 mMEDTA, 0.05% v/
v NP-40). Preactivated spliceosomes were fractionated in 10%–30%
v/v glycerol gradients in G-75 buffer (20mMHEPES pH 7.9, 75mM
KCl, and 1.5 mMMgCl2) for 12 h at 4°C in a SW-41 rotor at 25,000
RPM in a Beckman ultracentrifuge. Corresponding fractions of cat-
alytic and preactivated spliceosomes were pooled and bound to am-
ylose resin via MS2:MBP. Preactivated spliceosomes were washed
with G75 buffer, and catalytic spliceosomes were washed with
SCB2H (20 mM HEPES pH 7.9, 150 mM KCl, 5 mM EDTA).
Spliceosome complexes were then eluted with their respective
wash buffers containing 10 mM maltose.

A

B

FIGURE 4. Model of Prp8, U5 SLI, and 5′ exon interactions as the hu-
man spliceosome undergoes activation and first step chemistry. (A)
Global domain movements of Prp8 body (yellow) relative to N-terminal
domain (cyan) in human preactivation (Bertram et al. 2017b) (left) and
human C∗ (Zhang et al. 2017) (right) spliceosome models; showing U5
snRNA (blue) and 5′ exon (magenta). The positions of differentially
modified lysine residues K1300 and K1306 (upper) and K595 and
K597 (lower) are indicated by black stars. (B) Close-up view of the rel-
ative positions of U5 SLI (lavender), 5′ exon (magenta), and the same
lysine side chains (cyan) of Prp8 (purple) in preactivation (left) and cat-
alytic (right) spliceosome conformations. The last nucleotide of the 5′
exon is highlighted in yellow.
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Chemical probing by two-step acetylation

In the first acetylation reaction, one picomole of purified spliceo-
somes in elution buffer was incubated in 5 mM sulfo-NHS-acetate
(Pierce Technology) at room temperature for 1 h. Reactions were
quenched with 1/10th volume 1 M Tris pH 7.9, and then subjected
to SDS-PAGE. After staining with Coomassie-G (5%w/v aluminum
sulfate 14–18 hydrate, 10% v/v ethanol, 0.02% w/v CBB G-250, 2%
v/v phosphoric acid), the entire lane containing spliceosome pro-
teins was excised into six–nine slices. For the second acetylation re-
action, gel slices were washed with shaking agitation in (i) water for
10 min at 37°C, (ii) 10 mM ammonium bicarbonate at room tem-
perature, (iii) 50 mM ammonium bicarbonate:acetonitrile (1:1)
twice for 45 min at 37°C, (iv) water twice, and (v) 100% acetonitrile
twice at 37°C for 5 min. After complete removal of the acetonitrile,
20 µL of D6-acetic anhydride (Acros Organics) mixed with 40 µL of
100 mM ammonium bicarbonate was added and completely ab-
sorbed by the gel. The gel slices were then submerged in 100 mM
ammonium bicarbonate, and the pH adjusted to 7–8 with 1 M am-
monium bicarbonate. After 60 min at 37°C, the gel slices were
washed with water three times and submitted for MS/MS analysis.

Protein digestion and mass spectrometric analysis

For protein digestion, gel pieces were washed in 25 mM ammonium
bicarbonate/60% v/v acetonitrile. Disulfide bonds were reduced us-
ing 10 mM dithiothreitol in 25 mM ammonium bicarbonate for 30
min at 60°C, then free sulfhydryls were alkylated using 20 mM
iodoacetamide in 25 mM ammonium bicarbonate for an hour.
Gel pieces were washed again using 25 mM ammonium bicarbon-
ate/60% v/v acetonitrile, and then digested overnight using 200 ng
TPCK-treated porcine trypsin (Promega) in 25 mM ammonium
bicarbonate. Peptides were extracted using 50% v/v acetonitrile/
1% v/v formic acid. Extracted peptides were dried down by vacuum
centrifugation, and then resuspended in 0.1% v/v formic acid prior
for mass spectrometric analysis.
Peptides were analyzed by LC-MS/MS using a NanoAcquity

(Waters) UPLC system interfaced with either an LTQ Orbitrap
Velos or QExactive Plus (both Thermo) mass spectrometer.
Peptides were separated using an integrated 75 µm × 15 cm
PEPMAP reverse phase column and spray tip (EasySpray source) us-
ing a gradient from 2% to 27% v/v solvent B (0.1% v/v formic acid in
acetonitrile) over solvent A (0.1% acetonitrile in water) at a flow rate
of 400 nL/min for 27 min. Using the Velos, survey scans were mea-
sured at a resolution of 30,000 full width at halfmaximum (FWHM).
The six most intense precursor ions were automatically selected for
HCD fragmentation analysis by data-dependent acquisition and

measured at a resolution of 7500 FWHM. ForQExactive data, survey
scans were measured a resolution of 70,000 FWHM, and were fol-
lowed by data-dependent acquisition of the top tenmost intense pre-
cursors at a resolution of 17,500 FWHM.
Raw data was converted to mgf format peak list files using in-

house software based on the Raw_Extract script in Xcalibur version
2.4, and then searched using Protein Prospector version 5.18.22
against a database of all human proteins in SwissProt downloaded
on May 9th 2016 supplemented with entries for E. coli maltose-
binding periplasmic protein, enterobacteria phage MS2 coat protein
and pig trypsin, plus decoy versions of all of these sequences (a total
of 20,204 entries searched). Carbamidomethylation of cysteine res-
idues was searched as a constant modification, and variable modifi-
cations considered were acetylation or deuteroacetylation of
uncleaved lysines, methionine oxidation, pyroglutamate formation
from N-terminal glutamines, and protein N-terminal methionine
removal and/or acetylation. Results were thresh-holded to an esti-
mated 1% protein FDR according to target:decoy database searching
(Elias and Gygi 2007).
Intensities of peaks were extracted from the raw data using

Protein Prospector by summing together signal over a period −10
to +20 sec from the time the peak was selected for MSMS.

Yeast plasmids

Plasmids used in this study are indicated in Table 1. Plasmid
pRS313-PRP8-WT, pRS314-PRP16 plasmids, ACT-CUP reporter
plasmids, and pTB-SNU114 plasmids have been previously de-
scribed (Lesser and Guthrie 1993; Query and Konarska 2004;
Brenner and Guthrie 2005; Mayerle and Guthrie 2016). Plasmid
pRS313-prp8-K670,672A was made from pRS313-PRP8-WT
using Quikchange Mutagenesis (Agilent Technologies). All
plasmids have been deposited in the Addgene Vector Database,
www.addgene.org.

Strains and growth assays

Strains used in this study are listed in Table 2. All strains were con-
structed using standard genetic methods. Double mutant strains
were constructed via 5FOA shuffling, as described previously
(Guthrie and Fink 2002). Relative growth was assessed by diluting
an overnight culture to an OD600 of 0.1 and allowing it to grow
to mid-log phase, an approximate OD600 of 0.5. Strains were
then serially diluted 1:5 from a starting OD600 concentration of
0.1 and spotted onto rich media, minimal media lacking Ura, or

TABLE 1. Plasmids used for yeast experiments

Plasmids

PRP8-RP PRP16 SNU114

PRS313-PRP8 pRS314-PRP16 pTB2-pRS314-SNU114
PRS313-PRP8-
K670,672A

pRS314-prp16-1 pTB99-pRS314-snu114-30

pRS314-prp16-101 pTB100-pRS314-snu114-40
pTB101-pRS314-snu114-50

TABLE 2. Yeast strains used for the studies

Strain Genotype

YMEG030 MAT α prp8::LYS cup1::ura3-52 his leu lys ura ade
yCP50/PRP8

YMEG410 MAT α prp8::LYS cup1::ura3-52 isy1::kanMx6 his leu
ura ade yCP50/PRP8

YTT120 MAT α prp8::ADE prp16::LYS cup1::ura3-52 ade lys
ura trp his yCP50/PRP8 pSE360-PRP16

YTB108 MAT α prp8::LYS snu114::KanMX6 his leu lys trp ura
yCP50/PRP8 pRS316-SNU114
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minimal media containing 5FOA and then allowed to grow at 37°C,
30°C, 25°C, and 17°C before being photographed.

ACT-CUP reporter assays

Prp8 and ACT-CUP reporter plasmids (WT, G1A, U2A, G5A,
C256A, BrC, BrG, U301G, A302G, G303-4C) were transformed
into strain yMeg030 using standard methods (Guthrie and Fink
2002). Saturated overnight cultures grown in –Leumedia were dilut-
ed to an approximate OD600 of 0.1 and allowed to grow again to an
OD600 of approximately 0.5 before being diluted to an OD600 of
0.1 and spotted onto –Leu plates supplemented with 0 to 1.5 mM
CuSO4. Plates were placed at 30°C and allowed to grow for 2–3 d
and photographed.

RNA isolation and RT-qPCR

RNA isolation and detection were carried out as previously described
(Mayerle and Guthrie 2016). Briefly, cultures were grown at 30°C
overnight to saturation and then diluted to an OD600 of approxi-
mately 0.1. Diluted cultures were allowed to grow to an approximate
OD600 of 0.5, pelleted, washed briefly with water, and then snap
frozen at −80°C for further processing. Total cellular RNA was iso-
lated using hot acid phenol followed by ethanol precipitation, and 20
µg total RNA was treated with 15 µL RNase free DNase I (NEB) in a
total volume of 250 µL for 1 h at 37°C, and then re-extracted with
phenol–chloroform. Superscript III Reverse Transcription System
(Invitrogen) dN9 primers (Life Technologies) were used in all re-
verse transcription reactions. qPCR was performed using NEB
Taq Polymerase and the gene-specific primers listed in Table 3, or
previously described NSP1 and SEC17 primers. qPCR cycle condi-
tions were 95°C for 3 min, 39 cycles of 95°C for 15 sec, 55°C for 30
sec, 72°C for 15 sec, followed by one cycle at 72°C for 3 min. Three
biological replicates using total RNA isolated from separate biolog-
ical cultures were assayed in technical triplicate.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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