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Abstract

Conformational rearrangements are critical to regulating the assembly and activity of the spliceosome. The
spliceosomal protein Prp8 undergoes multiple conformational changes during the course of spliceosome
assembly, activation, and catalytic activity. Most of these rearrangements of Prp8 involve the disposition of the
C-terminal Jab-MPN and RH domains with respect to the core of Prp8. Here we use x-ray structural analysis to
show that a previously characterized and highly conserved β-hairpin structure in the RH domain that acts as a
toggle in the spliceosome is absent in Prp8 from the reduced spliceosome of the red alga Cyanidioschyzon
merolae. Using comparative sequence analysis, we show that the presence or absence of this hairpin
corresponds to the presence or absence of protein partners that interact with this hairpin as observed by x-ray
and cryo-EM studies. The presence of the toggle correlates with increasing intron number suggesting a role in
the regulation of splicing.

© 2019 Published by Elsevier Ltd.
Introduction

Eukaryotes contain a split-gene structure in which
coding exon sequences are interrupted by non-
coding intron sequences. Intron excision and exon
ligation take place through two sequential transes-
terifications catalyzed by the spliceosome (reviewed
in Ref. [1]). This large RNA–protein assembly
consists of the U1, U2, U4/U6, and U5 small nuclear
ribonucleoprotein particles (snRNPs), each contain-
ing a unique snRNA and associated proteins, that
assemble on the pre-mRNA substrate. In the first step
of splicing, a conserved adenosine within the intron,
selected by virtue of base pairing between the U2
snRNA and intron branch sequence, performs a
nucleophilic displacement at the 5′ splice site yielding
the free 5′ exon and lariat intermediate. In the second
step, attack of the 5′ exon at the 3′ splice site produces
the ligated exons and lariat intron as products.
Spliceosome assembly is a multi-step process that

proceeds, following snRNP biogenesis, through
ed by Elsevier Ltd.
discrete complexes and involves significant struc-
tural and conformational rearrangements [2,3].
Recruitment of the U4/U6•U5 tri-snRNP to a
complex containing pre-mRNA associated with the
U1 and U2 snRNPs involves the displacement of the
former at the 5′ splice site by the U6 snRNA to yield
the B complex. Unwinding of a U4/U6 snRNA duplex
within the B complex, mediated by the Brr2 helicase,
allows formation of a U6 internal stem loop and U2/
U6 snRNA structure to produce the pre-catalytic
activated spliceosome referred to as Bact. Together
these U6 and U2/U6 snRNA structures comprise the
active site of the spliceosome that catalyzes the two
splicing transesterifications. Rearrangement leads to
the B* complex, which catalyzes the first step and
results in theCcomplex. Further remodeling yields the
C* complex where the second step occurs followed by
a transition to the post-catalytic P complex [4–6].
The highly conserved U5 snRNP protein Prp8

(61% identity between Saccharomyces cerevisiae
and humans [7]) plays key roles in the regulation of
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Fig. 1. X-ray structural analysis of Prp8 RH domain. (A) Ribbon diagram of the human RH domain (PDB 4JK7) showing
closed (left) and open (right) conformations. (B) Ribbon diagram of the S. cerevisiae (PDB 3E9O) RH domain. α-Helices
and β-strands are colored red and yellow, respectively.
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spliceosome assembly and transitions through the
two catalytic steps while remaining intimately asso-
ciated with the spliceosomal core [8–10]. Prp8
contains reverse transcriptase-like, endonuclease-
like, and RNase H-like (RH) domains [11] believed to
be derived from an ancestral group II intron
maturase [12,13] as well as a C-terminal Jab-MPN
domain that regulates the activity of Brr2 [14–16].
A large number of mutant prp8 alleles related to

spliceosome activation and the two transesterifica-
tion steps have been characterized in yeast
(reviewed in Ref. [17]). A clustering of these alleles
led us and others to structurally and functionally
characterize the domain of Prp8 corresponding to
the RH fold ([18–20]; Fig. 1A, B). Sequence analysis
was unable to predict the RH fold due to a 17-amino-
acid insertion between the first and secondβ-strands of
the RH domain. Crystallographically, we observed two
conformations of the RH domain: in the closed
conformation, the insertion corresponds to an anti-
parallel β-hairpin; while in the second, open conforma-
tion, the hairpin is disrupted to yield a loop translated
~45° back with respect to the closed structure ([21];
Fig. 1A). A hydrated magnesium ion observed in the
second conformation, bound in a site conserved from
RNase H, possibly acts to stabilize the open structure.
X-ray structural analyses of Prp8 RH domain

mutants affecting either step of splicing, or U4/U6
snRNA unwinding, as characterized in yeast and
yeast splicing extracts, revealed a stabilization or
destabilization of one of the two RH domain
conformations [21]. This transition between two
conformations corresponded to favoring the first
step of splicing (at the expense of the second) or the
second step of splicing (at the expense of the first),
as shown in both in vitro and yeast reporter splicing
assays, suggesting a switch mechanism to regulate
splicing. Recently, it has been proposed that the two
conformations of the RH domain represent a toggle
mechanism related to proofreading, where the
closed conformation favors accurate but inefficient
splicing and the open conformation favors inaccu-
rate but efficient splicing [22]. This toggle may relate
to different conformations of the U2 snRNA, involv-
ing stem IIc (catalytically active) and the alternate,
mutually exclusive stem IIa (catalytically inactive;
[23]). Deletion of the 17 amino acids comprising the
RH domain hairpin is lethal in S. cerevisiae [20,22].
The best-characterized spliceosomes are those

from humans and budding yeast. Although these
spliceosomes are highly conserved, there are
significant differences between them. In order to
more fully understand the function of the RH domain
of Prp8, we have examined it structurally in an
organism distantly related to budding yeast and
humans and also carried out a comparative bioin-
formatic analysis across diverse eukaryotic taxa. As
a starting point, we chose Prp8 from the red alga
Cyanidioschyzon merolae due to evidence of a
considerably less complex spliceosome in this
organism compared to either humans or yeast [24].
The genome of C. merolae contains only 27 introns
in a genome with 4803 genes [25]. A computational
and biochemical analysis revealed the presence of a
greatly reduced spliceosome containing only 40 core
proteins and completely lacking the U1 snRNA and
its associated proteins [24]. Here we report our x-ray
structural analysis of the RH domain of C. merolae
Prp8 (CmPrp8) showing that while the RNase H fold
is maintained, the highly conserved β-hairpin is
absent. We have extended this analysis across
diverse taxa showing that the presence or absence
of the hairpin corresponds with intron number in
agreement with the observation that among red algal
genomes spliceosome complexity is associated with
a greater number of introns [26]. We also show that



Fig. 2. Curated alignment of Prp8 β-hairpin insert from 25 organisms. The 17-amino-acid insertion is highly conserved
(bold, colored by similarity to the human sequence).C. merolae and 2 microsporidia (E. cuniculi, andN. bombycis) lack the
insert completely, and G. intestinalis and the kinetoplastid T. cruzi lack a conserved sequence. Two conserved Asp
residues are highlighted (bold, black). Taxa are grouped by evolutionary relationships: purple, Obazoa: microsporidia;
orange, excavata; black, cryptista; maroon, amoebozoa; green, archaeplastida; yellow, SAR (Stramenopiles, Alveolates,
and Rhizaria); blue, Obazoa: animals; red, Obazoa: fungi. Alignment begins at the start of the RH domain.
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the loss of this hairpin corresponds with the
predicted absence of factors that associate with the
RH hairpin that act at multiple steps of spliceosome
assembly or progression supporting its role as a
regulatory feature in complex spliceosomes.
Results

Identification of the Prp8 RH domain of C.
merolae and comparison across taxa

Protein components of the C. merolae (CM)
splicing machinery were previously identified by
searching the National Center for Biotechnology
Information database using sequences of two or
more species to retrieve the C. merolae homolog
[24]. This analysis confirmed the existence of a CM
Prp8 ortholog. In examining the alignment of CM and
human Prp8 sequences, we noted a gap of 13 amino
acids corresponding to the β-hairpin insertion in the
human and yeast RH domains. To determine if this
loss was unique to CM, we sought to compare Prp8
sequences across diverse eukaryotic taxa. As a core
component of the spliceosome, Prp8 is present in
every known intron-containing taxon. Eukaryotic
diversity separates phylogenetically into major
groups [27], although thorough analyses of the
spliceosome have occurred in relatively few eukary-
otic taxa [28]. We analyzed Prp8 sequences from 36
taxa that represent the major groups of eukaryotic
diversity discussed in Burki et al. [27]; see Materials
and Methods; curated selection of taxa in Fig. 2; all
analyzed sequences in Supplemental Fig. 1). We
also increased sampling to represent taxa known to
have reduced genomes and low intron densities to
assess whether the amino acid gap seen in CM is a
shared feature of lineages that have undergone
spliceosomal reduction. Additional fungal taxa were
also included (see Materials and Methods). Although
all of these exhibited the expected high degree of
sequence conservation, the apparent deletion of the
β-hairpin sequence was observed in two microspor-
idian taxa (Encephalitozoon cuniculi and Nosema
bombycis) with low intron densities (Table 1). In
addition, Giardia intestinalis and the kinetoplastid
Trypanosoma cruzi showed a highly divergent inser-
tion that is not predicted to form a hairpin. Like C.
merolae, these organisms have few annotated introns



Table 1. Comparative genome summary of taxa lacking
the conserved hairpin along with S. cerevisiae and
humana

Species Genome size (Mb) Gene number Introns

Cyanidioschyzon
merolae

16.5 4803 27

Encephalitozoon
cuniculi

2.3 1981 37

Nosema bombycis 15.7 4488 167
Trypanosoma cruzi 41.5 19,607 3
Giardia intestinalis 11.2 6502 2
Trichomonas

vaginalis
176.4 59,679 66

Saccharomyces
cerevisiae

12.1 5983 253

Homo sapiens 2939.6 29,399 272,667

a Genome size, gene number, and introns in taxa that lack the
hairpin interaction as well as S. cerevisiae and H. sapiens. Intron
number estimated by extracting exon and coding sequences
whose sequence overlaps with annotatedmRNA, then subtracting
CDS number from exon number,
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(Table 1); however, they have been shown to undergo
extensive trans-splicing, where the acceptor and
donor RNAs are encoded on distinct pre-mRNAs
and are brought together in the spliceosome [29–33].

Structural analysis of the Prp8 RH domain of C.
merolae

In order to investigate the role of the RH domain of
Prp8 during splicing, we decided to analyze the
Fig. 3. X-ray structural analysis of C. merolae Prp8 RH dom
and β-strands are colored red and yellow, respectively. (B) Seq
rectangles and β-strands as yellow arrows) of the C. merolae (C
structure of the domain in the minimal spliceosome
represented by C. merolae. We amplified and cloned
a sequence representing the CmPRP8 RH domain
from a full-length CmPrp8 clone derived from
genomic DNA. We expressed, purified, and crystal-
lized CmPRP8 RH and determined its structure to
2.75 Å resolution using x-ray diffraction data (Fig.
3A; Table 2). The crystals of CmPRP8 RH contain
two monomers in the asymmetric unit representing
essentially identical (rmsd 0.7 Å) conformations of
the RH domain. The structure of the CM protein, as
observed in the human [19,21] and yeast homologs
[18,20] is bipartite containing an N-terminal RNase H
fold (CmPrp8 1852–1989) as well as a C-terminal
five helix cluster (CmPrp8 1993–2059; Figs. 1 and
3A). As predicted by an initial sequence analysis, the
CM protein lacks the 17-amino-acid insertion inter-
rupting the RH fold within human and S. cerevisiae
Prp8. Instead, it is replaced by a well-ordered type II
β-turn (Figs. 3B, 4A). Both monomers in the crystal
lattice represent the closed conformation of the RH
domain (rmsd 3.3 Å with respect to the human
closed conformation lacking the insertion). The
residues that coordinate a metal ion in the open
conformation of the human protein (D1781, D1782,
T1864, and Q1894; Fig. 4B) are partially conserved
in CmRH (D1862, D1863, A1932, and Q1964,
respectively). The two consecutive aspartates are
just N-terminal to the β-hairpin insertion and almost
universally conserved (Fig. 2; cmAsp1862/
cmAsp1863 corresponding to hAsp1781/hAsp1782
and scAsp1853/scAsp1854). Most species also
feature a conserved threonine following the two
ain. (A) Ribbon diagram of the CM RH domain. α-Helices
uence alignment and secondary structure (α-helices as red
M), S. cerevisiae (SC), and human (HS) Prp8 RH domain.



Table 2. Data collection and refinement statisticsa

cmPrp8 RH

Data collection
Space group P1211
Cell dimensions
a, b, c (Å) 56.516, 67.508, 58.859
α, β, γ 90, 101.64, 90

Wavelength (Å) 0.97949
Resolution (Å) 2.75
Rmeas 0.109 (0.581)
I/σI 9.7 (5.1)
Completeness (%) 99.54 (99.39)
Redundancy 3.3 (3.3)

Refinement
Resolution (Å) 36.42–2.75 (2.85–2.75)
Unique reflections 29,496 (2313)
Rwork/Rfree 0.2529/0.2911 (0.3137/0.3845)
No. atoms
Protein 3123
Ligand 8

B-factors
Protein 73.77
Ligand 54.51

R.M.S. deviations
Bond lengths (Å) 0.009
Bond angles (°) 1.15

Ramachandran favored (%) 97.85
Ramachandran allowed (%) 2.15
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 3.73
Clashscore 14.61

a Data were collected from a single crystal. Values in parentheses are for the highest-resolution shell (2.85–2.75 Å). Molecular
replacement was performed with chain A of PDB 4JK7 as the search model.
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aspartate residues. However, in CM (and three of the
four organisms predicted to lack the hairpin), this
position is occupied by a basic residue (arginine or
lysine; Fig. 2). In CM, the side chain of this arginine
(cmArg1864) hydrogen bonds with cmAsp1862
(hAsp1781; Fig. 4C). In humans, a different residue,
hArg1865, hydrogen bonds with hAsp1782 in both
open and closed conformations; a corresponding
interaction is observed in the S. cerevisiae and
Schizosaccharomyces pombe (closed conforma-
tion) structures. The positively charged terminus of
the cmArg1864 side-chain occupies the same
position as the Mg2+ observed in the open confor-
mation of the human RH domain (Fig. 4C). However,
the positively charged terminus of the hArg1865 side
chain is 4 and 7 Å away from that site in the closed
and open conformations, respectively. Thus,
cmArg1864 may serve as a surrogate for the
bound magnesium ion.

Analysis of hairpin interacting factors

Because deletion of the RH domain hairpin is
lethal in S. cerevisiae, we examined x-ray and cryo-
EM structures of yeast and human Prp8 within pre-
spliceosomal and spliceosomal complexes. We
noted three distinct sets of interactions between
spliceosomal proteins and the RH domain hairpin as
well as a role for the hairpin in separating spliceo-
somal RNA elements in the post-catalytic
spliceosome.
In the x-ray structure of a large fragment of yeast

Prp8, a β-strand of the C-terminal region of the U5
snRNP-associated assembly factor Aar2 inserts into
Prp8 forming a continuous β-sheet spanning the
hairpin, Aar2, and the Jab-MPN domain ([11,34]; Fig.
5A). In the yeast tri-snRNP, as well as the yeast and
human B complex structures, a portion of the protein
Snu66 forms the third strand of a β-sheet through its
interactions with the RH hairpin (Fig. 5B; [35–38]).
Snu66 dissociates from the spliceosome with the U4
snRNP and is not seen in the subsequent Bact, C, or
other complexes.
In the structure of the post-second step C*

complex, the RH β-hairpin is inserted between the
U2/branch sequence duplex on one side and the
duplex formed by U6 and the 5′ end of the intron on
the other ([39–42]; Fig. 5C). The nearby catalytic
core of the U6 snRNA is oriented into the active site
of the spliceosome, which is nestled in the core of
Prp8.
Finally, in the intron lariat spliceosome complex

purified from S. pombe, a helical bundle from the C
terminus of the Cwf19 protein bridges the RH domain



Fig. 4. Details of the C. merolae Prp8 RH domain. (A) Detail of RH domain structure highlighting replacement of the RH
hairpin insert with a type II β-turn. (B) Comparison of closed and open conformations of human RH domain. Arg1865
interacts with Asp1782 blocking the metal binding site in the closed confirmation (left). Displacement of Arg1865 with Mg2+

bound in the open conformation (right). (C) Interaction between Arg1864 and Asp1862 in the C. merolae RH domain (left).
Alignment of the C. merolae and human open structure superimposes C. merolae Arg1864 with Mg2+ bound in the human
structure (right).
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to the catalytic core of the spliceosome including an
interaction with the RH hairpin ([43]; Fig. 5D). This
region of the protein is conserved in the human
spliceosome, and the human ortholog of Cwf19 has
been reported in mass spectrometric characteriza-
tions of human spliceosomal complexes [44].

Conservation of Prp8 and hairpin interacting
factors

We performed a search through the taxa we had
analyzed with respect to the conservation of the RH
domain in order to characterize the conservation of
spliceosomal proteins interacting with the hairpin.
Using two conserved regions in S. cerevisiae Aar2,
one in the N-terminal domain (aa 4–46) and one in
the C-terminal domain (aa 220–250; Supplemental
Fig. 2), we failed to identify an Aar2 homolog in the
six taxa where the RH hairpin is missing or the
sequence is not conserved. Of the 28 taxa with a
conserved hairpin, we failed to find Aar2 candidates
in four (Amanita muscaria, Chondrus crispus,
Entamoeba histolytica, Trichomonas vaginalis;
Table 3). This latter observation must be qualified
by the relatively low conservation of Aar2 across
eukaryotes. Nevertheless, there is a correlation
between the presence of the hairpin and of an
Aar2 homolog.
We identified Snu66 candidates in 18 of 28 taxa
(Table 3; Supplemental Fig. 3). Despite the diver-
gence of Snu66, there appear to be two regions of
conservation: the first is near the C-terminus (S.
cerevisiae aa 527–570), and the other is near the N-
terminus (S. cerevisiae aa 38–55). This predicted
presence of Snu66 again corresponds to the
presence of the RH hairpin.
While the S. pombe splicing factor associated with

Prp8, Cwf19, has been proposed to be Drn1 in S.
cerevisiae, our BLAST searches did not identify it as a
homolog of Cwf19 ([45]; Supplementary Data). We
were able to identify candidate Cwf19 homologs in 17
taxa, all of which also have an Aar2 candidate, except
A. muscaria. Cwf19 is divergent in sequence, with
conservation near the C-terminus (S. pombe aa 426–
582; Supplemental Fig. 4). Once again, the predicted
presence of a Cwf19 homolog correlates well with the
presence of the hairpin within the RH domain.
Discussion

Recent studies have provided detailed static
representations of multiple steps in spliceosome
assembly, activation, and catalysis (reviewed in Ref.
[46]). Comparison of these spliceosomes on a
structural level will yield insights into the mechanism



Fig. 5. Structural analysis of hairpin interacting factors of the RH domain β-hairpin. (A) Detail of the extended β-sheet
formed by the RH domain hairpin (gold), U5 snRNP assembly factor Aar2 (purple), and the Prp8 Jab/MPN domain (red;
PDB 4I43). (B) Detail of β-sheet formed through the interaction of the tri-snRNP protein Snu66 (cyan) and the RH domain
hairpin (gold; PDB 5ZWO). (C) RH β-hairpin at the core of the spliceosome. The β-hairpin (light orange) inserts into the
minor groove of the intron/U2 snRNA duplex (gray and green, respectively; branch adenosine in red) and separates it from
the intron/U6 snRNA duplex (PDB 5WSG). (D). Bridging interaction of Cwf19 (mint) between the RH domain (gold) and the
Prp8 core (blue; PDB 3JB9).
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of splicing. However, given the high conservation of
the spliceosomal machinery, sequence comparison
across species is also a useful approach to
dissecting spliceosome function in light of these
structures. These comparisons should inform our
understanding of both constitutive and regulated
splicing events.
Prp8 is a highly conserved protein that serves as a

scaffold for the snRNA catalytic core of the spliceo-
some. Structural analyses of Prp8 from a pre-U5
snRNP assembly complex and through the splicing
cycle reveal little change in the disposition of the
Prp8 core, while the C-terminal Jab-MPN and RH
domains undergo significant movement during the
spliceosomal cycle. The Jab-MPN domain is con-
nected to the RH domain by 70 amino acids and is
not visible in the cryo-EM structures of post-first step
spliceosomes suggesting considerable movement
[5,6,39–43,47–50]. The RH domain undergoes a
localized but significant circular translation through
the spliceosomal cycle [46]. The interactions with the
RH domain described here in the Prp8/Aar2 com-
plex, the B complex (with Snu 66), the C* complex
(with the branch duplex RNA), and the intron lariat
spliceosome (with Cwf19) essentially lock the RH
domain in a specific conformation and presumably
relate to regulation of its orientation in pre-
spliceosomal and spliceosomal complexes. These
interactions are lacking in the reduced spliceosome
of C. merolae and other organisms with reduced
splicing complexity. Although the spliceosomes of
budding yeast and humans are highly conserved
overall, there are significant differences in spliceo-
somal factors including the SF3B component SF3B6
(present in fission but not budding yeast; [51]). The
association of the RH domain with regulation of the
U4/U6 to U2/U6 transitions [8], the promotion of
either the first or second steps [21], and the accuracy



Table 3. Presence of Aar2, Snu66, and Cwf19 across
taxaa,b

Species Hairpin Aar2 Snu66 Cwf19

Cyanidioschyzon merolae − − − −
Encephalitozoon cuniculi − − − −
Nosema bombycis − − − −
Trypanosoma cruzi Not

conserved
− − −

Giardia intestinalis Not
conserved

− − −

Trichomonas vaginalis + − − −
Naegleria gruberi + + + +
Guillardia theta + + − +
Phaeodactylum tricornutum + + + +
Phytophthora infestans + + + +
Paramecium tetraurelia + + + +
Plasmodium falciparum + + + +
Chondrus crispus + − + −
Galdieria sulphuraria + + − +
Chlamydomonas reinhardtii + + + +
Arabidopsis thaliana + + + +
Entamoeba histolytica + − + −
Dictyostelium discoideum + + + +
Caenorhabditis elegans + + + +
Homo sapiens + + + +
Rozella allomycis + + + +
Batrachochytrium

dendrobatidis
+ + + +

Amanita muscaria + + + +
Schizosaccharomyces pombe + + + +
Saccharomyces cerevisiae + + + −

a Spliceosomal proteins Aar2, Snu66, and Cwf19 identified with
reciprocal BLAST hits to genes from S. cerevisiae and H. sapiens.

b Referenced to curated alignment of Fig. 2; see also
Supplementary Figs. 1–4.
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of splicing [22] suggest a regulatory role for this
domain that appears to be absent in the reduced
spliceosome of C. merolae and presumably other
organisms lacking the RH hairpin and its interacting
factors. Splicing of the few introns in C. merolae
varies considerably in efficiency ranging from 10% to
90% [24]; low efficiency of splicing may be related to
the lack of the hairpin toggle associated with a
balance between efficiency and accuracy.
Cross-linking and analyses of cDNAs has sug-

gested a possible interaction between U1 snRNA
and Prp8, which could be part of the transition in
formation of the spliceosomal B complex [52]. This
raises the possibility that, in the absence of U1
snRNP, there could be compensating changes in
CM Prp8. An issue with identifying additional shared
indels in hairpin-lacking taxa is that these taxa are
also the most divergent of Prp8 sequences. This
makes it even more challenging to find indels
because the alignment is often poor for these
specific taxa of interest making identifying homolo-
gous regions that could be indels almost impossible.
The identification of CM Prp8 as lacking the hairpin
was mostly made possible by a combination of the
previous genetic and structural studies in other
organisms. Although we did not find any further
sequence features that unite taxa without hairpin
sequences to the exclusion of other eukaryotic Prp8
sequences, this does not exclude the possibility that
other compensatory adaptations do exist. Such
adaptations are clearly of key interest with respect
to our understanding of splicing in reduced systems,
but advances will require further analyses of non-
model systems and physical studies of Prp8 in these
or other divergent taxa.
Although the correlation between intron number or

the predicted spliceosome complexity and the
presence or absence of the hairpin toggle is clear,
the role of this structure and that of the RH domain in
splicing regulation is not. As noted above, deletion of
the hairpin in S. cerevisiae (residues 1860–1874,
replaced with a GlySer linker) has been reported to
be lethal, although the integrity of the overall domain
structure and stability was not compromised [20].
When examining the sequences immediately sur-
rounding the deleted hairpin region (Fig. 2), we do
not observe strong sequence similarity in those taxa
that lack the hairpin. This suggests that the observed
lethality of the yeast Prp8 mutant may not be strictly
due to the absence of the hairpin. There is strong
sequence conservation of the hairpin in those taxa
that contain it (with the exception of G. intestinalis
and T. cruzi), even though none of the interactions
described here depend on residue-specific recogni-
tion. The observation that mutations favoring or
disfavoring the hairpin confer a phenotype, in the
presence of intron mutations [17,21] suggests that
conservation of residues may be important in terms
of governing the stability and regulatory role of the
hairpin. It appears that the hairpin, through interac-
tions with associated factors, locks the position of the
RH domain through snRNP and spliceosome as-
sembly and then post-catalytically. The movements
of the RH domain through the catalytic cycle,
specifically in the sequential transitions from Bact to
C*, are significant. Given genetic and biochemical
evidence, these transitions must involve the RH
domain hairpin, where present, in a yet to be
determined fashion.
Materials and Methods

Identification, cloning, and expression of the
Prp8 RH domain from C. merolae

A cDNA corresponding to amino acids 1848–2065
of C. merolae Prp8 was cloned into the pMAL
expression vector, which was used to transform
Escherichia coli. Expression of the maltose binding
protein-tagged protein in LB medium supplemented
with 2 g/L dextrose was followed by centrifugation,
resuspension of the cell pellet in lysis buffer [50mMTris
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(pH 8), 500 mM NaCl, 5 mM BME] and lysis by
sonication. Thecleared lysatewas runover anamylose
column, and protein was eluted in the lysis buffer
supplemented with 20 mM maltose. Fractions were
concentrated and purified by size exclusion (SD75)
chromatography. Concentrated fractions were cleaved
overnight with TEV protease to remove the maltose
binding protein tag and re-purified on theSD75 column.

Crystallization

Crystals were grown at 23 °C using the hanging
drop vapour diffusion technique by mixing 1 μL of 10
mg/mL protein solution (in GFB) with 1 μL precipitant
[100 mM Tris (pH 8.5), 100–150 mM MgCl2, 10%–
12% PEG 8000]. Crystals were cryo-protected in
precipitant with the addition of 20% (v/v) glycerol and
frozen in liquid nitrogen.

Data collection and processing

Data were collected at beamline CMCF-ID of the
Canadian Light Source, University of Saskatche-
wan, Saskatoon, Canada. Data were processed and
scaled using the HKL2000 package [53].

Model building and refinement

The structure was solved using molecular replace-
ment in Phenix Phaser [54] with monomer A of PDB
4JK7 lacking residues 1786–1801 as a search
model. Refinement in Phenix Refine alternated with
manual model building in Coot [55] to complete and
refine the model. Refinement statistics are summa-
rized in Table 2.

Sequence alignment and comparison

We retrieved genome and annotation data from
the National Center for Biotechnology Information
database for 27 taxa sampled from the major
eukaryotic groups discussed in Burki et al. [27]
These taxa sorted into their major group highlighted
include the following: Excavates: G. intestinalis,
Leishmania donovani, Naegleria gruberi, T vaginalis,
T cruzi; Amoebozoa: Dictyostelium discoideum, E.
histolytica; Obazoa: Caenorhabditis elegans, Dro-
sophila melanogaster, Homo sapiens, S. cerevisiae,
S. pombe, A. muscaria, Batrachochytrium dendro-
batidis, Rozella allomycis, E. cuniculi, N. bombycis;
Archaeplastida: Chlamydomonas reinhardtii, Arabi-
dopsis thaliana, C. crispus, C. merolae, Galdieria
sulphuraria; Cryptista: Guillardia theta; Strameno-
piles, Alveolata and Rhizaria (SAR): Phaeodactylum
tricornutum, Phytophthora infestans, Paramecium
tetraurelia, Plasmodium falciparum (for taxon infor-
mation/accessions and BLAST scores please, see
Supplementary Data). We increased sampling on
taxa with reduced genomes and low intron densities
similar to CM.Wealso analyzed additional fungal taxa
to improve the resolution of our cwf19 analysis. We
performed reciprocal BLASTP analyses (e N1 × 10−5

cutoff) to recover homologs of Prp8, Aar2, Cwf19, and
Snu66. Alignments of each were performed using
MUSCLE and further refined manually.

Coordinates

Protein Data Bank: Coordinates for the CM RH
domain have been deposited under accession code
6NQI.
Supplementarymaterial includes alignments of Prp8,

Aar2, Snu66, and Cwf19 (Supplementary Figs. 1–4)
and details of BLAST analysis (Supplementary Data).
Supplementary data to this article can be found online
at https://doi.org/10.1016/j.jmb.2019.04.047.
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