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Abstract

The fidelity of splice site selection is critical for proper gene expression. In particular, proper recognition of 3’-splice site (3’SS) sequences by the
spliceosome is challenging considering the low complexity of the 3'SS consensus sequence YAG. Here, we show that absence of the Prp18p
splicing factor results in genome-wide activation of alternative 3’SS in S. cerevisiae, including highly unusual non-YAG sequences. Usage of
these non-canonical 3'SS in the absence of Prp18p is enhanced by upstream poly(U) tracts and by their potential to interact with the first intronic
nucleoside, allowing them to dock in the spliceosome active site instead of the normal 3’SS. The role of Prp18p in 3'SS fidelity is facilitated by
interactions with Slu7p and Prp8p, but cannot be fulfilled by Slu7p, identifying a unique role for Prp18p in 3’SS fidelity. This fidelity function is
synergized by the downstream proofreading activity of the Prp22p helicase, but is independent from another late splicing helicase, Prp43p. Our
results show that spliceosomes exhibit remarkably relaxed 3’SS sequence usage in the absence of Prp18p and identify a network of spliceosomal
interactions centered on Prp18p which are required to promote the fidelity of the recognition of consensus 3'SS sequences.

Graphical abstract
Exon1

Introduction

Accurate splice site selection is critical for proper gene ex-
pression, as errors in splicing are known to cause a large
number of genetic diseases and cancer (1). However, proper
splice site selection offers a major mechanistic challenge to
the spliceosome in part because of the simplicity of splicing

signals, as multiple near-consensus ‘incorrect’ sites often exist
at the vicinity of the ‘correct’ site. This is especially problem-
atic for 3’-splice sites (3'SS) given their very simple consen-
sus sequence YAG (Y = C or U). Although the 3'SS is typi-
cally selected prior to the first chemical step during metazoan
splicing (2), the second catalytic step of pre-mRNA splicing
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offers additional opportunity to further recognize the appro-
priate 3'SS. Genetic and structural studies have shown that
base pairing interactions between the 5’SS and 3’SS nucleo-
sides play a role in the efficiency of the second step of splicing
and in 3’SS recognition (3-6). Following an ATP-dependent
rearrangement of the spliceosome after the first catalytic step
(7,8), Slu7p, Prp18p and Prp22p sequentially join the spliceo-
some to facilitate the second catalytic step (9,10). In particu-
lar, Prp18p and Slu7p are necessary for the efficient docking
of the 3’SS into the spliceosomal active site (5). In addition
to Prp18p and Slu7p, the alpha finger of Prp8p is thought to
facilitate selection of bona fide 3'SS sequences, as GIn1948 of
Prp8p interacts specifically with the pyrimidine base at po-
sition =3 (5). The newly identified splicing factor Fyvép has
also been shown to facilitate the second step of splicing and
to promote usage of bona fide 3'SS (11). Finally, Prp22p re-
models pre-mRNA to promote sampling of alternative 3'SS
(12), and proofreads the ligated exons in an ATP-dependent
manner following the second transesterification reaction (13).

Although Prp18p is positioned at the core of the spliceo-
some during the second chemical step, its function in the fi-
delity of recognition of 3'SS sequences is not well understood.
A previous cryo-EM study which identified particles lacking
Prp18p showed that the 3°SS is not stably docked in the active
site (5). However these particles also lacked Slu7p, making it
difficult to assess the specific contribution of Prp18p. Dele-
tion of the gene encoding Prp18p results in a severe growth
defect (14), suggesting that Prp18p plays a major role on the
efficiency of splicing in vivo. However, Prp18p and Slu7p are
not absolutely required for the second splicing step of all pre-
mRNAs, as they are dispensable for splicing of substrates in
which the distance from the branchpoint to the 3’SS is short
(15,16). Previous work using splicing reporters has shown that
Prp18p plays a role in stabilizing the interactions between
exonic nucleotides and nucleotides of the U5 snRNA loop1
(17). The role of Prp18p in stabilizing splicing intermediates
for the second step of splicing (17,18) and its position near
the 3’SS during the second step (5,8) with the conserved re-
gion loop of Prp18p positioned near nucleosides -3 and —
4 of the 3'SS sequence suggests that it may also contribute
to the fidelity of selection of YAG 3'SS. In agreement with
this hypothesis, a previous study showed that the absence of
Prp18p can favor selection of certain upstream 3'SS iz vivo
(19). However, the global role of Prp18p in promoting splicing
efficiency and fidelity has not been investigated. To assess the
impact of Prp18p on splicing and 3'SS selection genome-wide,
we performed transcriptome analysis of cells lacking Prp18p
and found that the absence of Prp18p resulted in a global re-
duction of splicing efficiency of non-ribosomal protein genes
and in a loss of splicing fidelity with widespread activation
of 3’'SS whose sequence deviate from the consensus. We show
that the role of Prp18p in promoting 3'SS sequence fidelity
depends on its recruitment by Slu7p and on interactions with
the RNase H domain of Prp8p but that the role of Prp18p in
promoting proper 3'SS sequences fidelity cannot be fulfilled
by an excess of Slu7p. We also show that this 3/-SS fidelity
is synergized by the proofreading activity of the Prp22p heli-
case which acts downstream of Prp18p. These results identify
the primary mechanisms by which Saccharomyces cerevisiae
spliceosomal factors promote recognition of 3’SS sequences
and point to a unique role for Prp18p in facilitating the dock-
ing of 3'SS sequences harboring the proper YAG sequence in
the active site of the spliceosome i vivo.
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Materials and methods

Yeast strain, plasmid construction and protein
assays

Yeast strain construction, RT-PCR analysis, molecular
cloning, restriction enzyme-based plasmid construction,
site-directed mutagenesis and spot dilution assays were per-
formed as previously described (20-22). Construction of
the PRP18/pUG35 and PRP18/YEp24 base plasmids was
accomplished using Gibson assembly (23) (New England
Biolabs #E2611). Unless otherwise indicated in the figure
legends, all strains were derived from the BY4741 back-
ground. The PRP8 genomic mutations were introduced using
the CRISPR-Cas system as described (24). The SLU7 and
PRP22/PRP43 mutant strains and plasmids were generously
provided by Beate Schwer (Cornell Weill Medical College)
and Jonathan Staley (U. Chicago), respectively. For the west-
ern blot analysis used to verify Prp18p constructs expression,
proteins were extracted using the TCA protocol described
in (25). Western blot analysis was performed using affinity
purified anti-Prp18 antibodies (15) generously provided by B.
Schwer (Cornell Weill Medical College).

Yeast growth, RNA preparation and sequencing

Yeast strains were grown and harvested as previously de-
scribed (20,21). For heat-sensitive mutant strains, cell cultures
were first grown to exponential phase at 25°C, a portion har-
vested, and the remaining culture shifted to 37°C and incu-
bated at that temperature for 1 h. For cold-sensitive mutant
strains, cell cultures were first grown to exponential phase
at 30°C, a portion harvested, and the remaining culture split
and shifted to 16°C or 25°C and incubated at those temper-
atures for 2 h. For the RNA-Seq analysis, upf1 A::HIS3MX6
and upfl A::HIS3MX prp18A::kanMX6 colonies were inoc-
ulated for overnight growth in YPD, seeded in 50 ml fresh
YPD the following day at ODgpg nm 0.05 and grown to mid-
log phase ODggg nm of 0.6. Samples were harvested by spin-
ning down at 3k rpm for 5 min, flash-frozen in liquid nitrogen,
and total RNA was purified by standard phenol-chloroform
extraction as described previously (21). Fragmented RNA seq
libraries were prepared using the Illumina TruSeq stranded
mRNA library prep kit. 2 x 100 bp sequencing on the
HiSeq 2000 and subsequent demultiplexing were performed
by Macrogen/Axeq (South Korea).

Computational methods

A detailed description of all computational steps is outlined in
the Supplementary Methods. All scripts for the Comparison of
Multiple alignment Programs for Alternative Splice Site dis-
covery (COMPASS) read processing pipeline are available on
Zenodo (https://doi.org/10.5281/zenod0.8387420). The most
recent COMPASS release can be found on GitHub (https:
/Igithub.com/k-roy/COMPASS). COMPASS includes the fol-
lowing steps: pre-processing of raw reads, alignment with
multiple aligners, post-alignment processing, selection of the
best scoring alignment for each read, and quality filtering
of junctions. The aligners STAR (26) and BBMap [https://
sourceforge.net/projects/bbmap, https://www.osti.gov/biblio/
1241166] were used in this study. Data and scripts used for
downstream analyses can be found in the zenodo.8387420 re-
lease subfolder ‘./yeast_Prp18’.
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Splicing efficiency (SE) and fraction of annotated
splicing (FANnS) calculation

We calculated splicing efficiency (SE) as the ratio of the reads
mapping to each splice junction over the sum of all reads map-
ping to both spliced and unspliced junctions for each intron.
Unspliced mRNA harbors both 5SS and 3’SS junctions so the
combined read counts for these junctions are divided by 2.
For each alternative splice junction, we calculated a fraction
of annotated splicing (FAnS) as the ratio of the reads mapping
to the junction relative to the reads mapping to the annotated
junction. For both SE and FAnS, we also calculated a prp18A
effect by taking the ratio of the prp18A upf1A strain relative
to the upf1A strain.

Intron sequence and structure prediction analyses

For each 3’ SS, the intronic sequence was examined for the
sequence most closely matching the branchpoint consensus
TACTAAC, with each mismatch penalized by a score of 1,
and an additional penalty of 2 was given if the conserved
branched adenosine (underlined) was not present. The se-
quence with the lowest mismatch score was assigned as the
most likely branchpoint, and ties were broken by taking the
branchpoint with the shortest distance to the 3’SS. The linear
branchpoint (BP)-3’SS distance was defined as the number of
nucleotides between the branching A of the BP and the 3'SS,
such that TACTAACACNNNNITAG would be a distance
of 10 nt, in line with previous conventions (27,28). See
COMPASS_analyze_splice_junction_profiles_for_individual _
samples.py.

Effective branchpoint (BP)-3'SS distances and RNA tri-
nucleotide accessibilities in the BP-3'SS region were calculated
similarly to a previous report (28). For each annotated and
alternative 3'SS, four windows of increasing size with lengths
n+5,n+ 10,7 + 15 and n + 20 respectively, where 7 is the
distance between the BP and 3’SS, were folded with rnafold
version 2.4.6 with options —partfunc —constraint (29). The
—constraint option enables keeping the branch sequence
and 8 nt downstream unpaired as this sequence has been
proposed to be kept in an unpaired configuration by the
spliceosome(28). The effective distance from the branchpoint
is determined from the lowest energy structure from the
parens/bracket notation from rnafold. The effective distance
of any base X is calculated by examining the fold in be-
tween base X and the branchpoint. The number of bases
between base X and the branchpoint which are paired with
other bases between base X are subtracted from the linear
distance, with bases involved in loops treated as paired. The
—partfunc option of rnafold calculates the partition function
and base pairing probability matrix which are written to
dp.ps files. For each base, the probability of being paired
with each other base is summed to give a probability of
each base being in a base pair. The accessibility of each
base was then calculated as 1 minus this probability. The
accessibility value for each trinucleotide in the region from
7 nt downstream the branchpoint to 5 nt downstream the
splice site was calculated as the average of the accessibility
values of the three bases averaged over the four windows.
For the comprehensive analysis of each annotated intron
where sites are analyzed as used versus unused as shown in
Figure 3C, 50 nt were added to the end of the annotated
3’SS. See COMPASS_write_BP_3SS_to_fasta.py and COM-
PASS_analyze_BP_3SS_RNA_folds_for_annotated_introns.py.
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The polyU score of each trinucleotide in the region from 7
nt downstream the branchpoint to 5 nt downstream the
annotated splice site was calculated using the position weight
matrix scores (PWMS) of the yeast polyU tract according to
(30).

RT-PCR analysis and quantification of alternative
splice site usage

RT-PCR analysis of alternative splice site usage using fluo-
rescently labeled primers was performed as described (31).
Quantification of the bands corresponding to each isoform
was measured using Image] 1.53K. To determine the intensity
of each band, three separate boxes were created and the aver-
age intensity of the three was used as the band intensity. The
background intensity for each lane was subtracted from the
average band intensity in order to remove background bias.
Samples of interest were compared in triplicate using two-
tailed t-tests.

Results

Absence of Prp18p reduces splicing efficiency of
introns for primarily non-ribosomal protein genes

Prp18p was previously shown to suppress the usage of an un-
usual AUG 3’SS in the GCR1 pre-mRNA (19). However, the
genome-wide role of Prp18p in splicing efficiency and pro-
moting 3'SS fidelity is currently unknown. To globally ana-
lyze the impact of Prp18p on splicing, we performed RNA se-
quencing on cells expressing wild-type spliceosomes or lack-
ing Prp18p (prp18A4) in a genetic background deficient for
nonsense-mediated mRNA decay (NMD) through inactiva-
tion of the NMD helicase Upflp (Figure 1A). This genetic
background was chosen to stabilize alternatively spliced mR-
NAs harboring premature termination codons (PTCs) (19), al-
lowing a more direct analysis of the spliced transcript produc-
tion without confounding effects of differential isoforms sta-
bility. We obtained 60-100 million uniquely mapped 100 bp
reads for each of the three replicates for each strain. 2-3% of
all reads mapped with gapped alignments, and 93-95% of the
gapped alignments corresponded to annotated splicing junc-
tions.

We first analyzed the splicing efficiency (SE) for each anno-
tated splice junction in the presence and absence of Prp18p
(see Materials and methods). Consistent with a previous anal-
ysis using tiling microarrays (14), inactivation of Prp18p
significantly reduced SE genome-wide (Figure 1B). As de-
scribed in previous studies (32,33), ribosomal protein genes
(RPGs) pre-mRNAs exhibited higher SE relative to non-RPGs
in the control strain for the annotated splice sites (Figure
1B). To further assess the impact of Prpl8p on splicing,
we calculated a prp18A-effect index for SE, where a pos-
itive prp18A effect indicates increased splicing in prpl8A,
and negative indicates decreased splicing (see Methods). As
expected, the loss of Prp18 had an overall negative im-
pact on SE for all annotated junctions (Figure 1B, C, Sup-
plementary Figure S1). However, there was a much greater
negative impact on non-RPGs pre-mRNAs SE relative to
RPGs (Figure 1C), showing that the splicing of RPG pre-
mRNAs is more resilient to the loss of Prp18p than that of
non-RPGs.
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Figure 1. Global impact of Prp18p on annotated and alternative splicing events. (A) Diagram describing the workflow for identifying alternative splice
junctions accumulating in pro78Aupf1A versus upf1A. Alignments generated by an annotation-guided aligner (STAR) and an annotation/motif-agnostic
aligner (BBMap) are processed by COMPASS to identify the optimal alignment for each read with a gapped alignment. (B) Splicing efficiency (SE) in
pro18Aupf1A versus upf1A for annotated introns with ribosomal protein genes (RPGs) in blue and non-RPGs in red. (C) Effect of Prp18 inactivation of
the splicing efficiency (SE) of intron containing genes separated in non-RPGs (red) and RPGs (blue) classes. Shown is a boxplot of the prp18A effect on
SE (prp18Aupf1A SE/ upfiA SE) for annotated splice junctions. Log10 less than zero represents decreased splicing in the absence of Prp18p. P-values
are based on two-tailed t-test analysis. (D) Fraction of annotated splicing (FAnS) for ann.5’SS/alt.3’SS (left), alt.5’SS/ ann.3’SS (middle), or
alt.5’SS/alt.3’SS (right). Points on the axes indicate junctions for which splicing is not detected in the opposing strain (note the log scale).
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A multi-aligner bioinformatics approach reveals
widespread usage of alternative splice sites in the
absence of Prp18p

Next, we analyzed alternative splice junctions that arise in
the absence of Prp18p. We noticed that STAR (26), a com-
monly used RNA-seq aligner, failed to map reads correctly
for an alternative 3'SS that used a non-canonical 3’SS se-
quences (e.g. AUG for the MUD1 intron). By contrast, we
found that BBMap, a general-purpose aligner agnostic to
splice motifs [https://sourceforge.net/projects/bbmap/, https:
[Iwww.osti.gov/biblio/1241166], was able to map these reads
correctly but often failed to map reads with short overhangs
at annotated junctions where STAR performed well. To com-
bine the strengths of each aligner, we systematically compared
STAR and BBMap alignments for each read harboring a po-
tential splice-junction and selected the alignment exhibiting
the fewest mismatches to the reference. We further removed
likely false positive junctions through quality filtering of the
STAR-BBMap integrated set of junctions to obtain a high-
confidence set of alternative and novel junctions (Supplemen-
tary Tables S1-S5).

To analyze how splicing patterns at individual genes shift
in the absence of Prp18p, we calculated the Fraction of Anno-
tated Splicing (FAnS) for all alternative splicing junctions in
the presence and absence of Prp18p. The FAnS ratio reports
the relative abundance of an alternative splicing event com-
pared to the canonical, annotated main spliced isoform. RPGs
pre-mRNAs constitute 90% of S. cerevisiae intron-containing
mRNAs by transcript abundance (32) even though they rep-
resent only 1/3 of all intron-containing genes (ICGs). Over-
all, RPGs exhibited c.a. 6-fold more annotated junctions reads
than non-RPGs, but only 1.63-fold more alternative junctions
reads in RPGs versus non-RPGs in the #pf1 A strain, and equal
reads (1.01:1) in the upf1 Aprp18 A strain (Supplementary Fig-
ure S1). These observations show that the alternative splicing
events detected do not simply arise due to spliceosomal noise
that scales with expression levels, but are governed by specific
features in ICGs that control splicing fidelity, as suggested pre-
viously (34). Consistent with this, alternative junctions in non-
RPGs showed significantly higher FAnS than those in RPGs
(Figure 1D). Importantly, the FAnS calculated from our se-
quencing data set showed a high level of concordance with
the FAnS calculated from a study examining alternative AG
sites usage in a upf1 A strain (34) (Supplementary Figure S2).

The absence of Prp18p globally activated alternative 3'SS
usage and inhibited alternative 5SS usage relative to anno-
tated sites (Figure 1D). In particular, the absence of Prp18p
revealed a large number of alternative 3’SS in non-RPG tran-
scripts, which were virtually undetectable in the upf1 A strain
(Figure 1D, left panel), including the GCR1 AUG 3’ SS site
previously described (19). While for many splicing events, the
increase in FAnS is largely driven by a decrease in annotated
SE, many splice sites exhibited an increased SE in the ab-
sence of Prp18p (8 annotated sites, 294 alt.3’SS, 15 alt.5’SS,
47 alt.5’'SS/alt.3’SS; Supplementary Figure S3). Remarkably, 9
splice isoforms that used alternative 3'SS in 6 genes exhibited
greater spliced mRNA abundance than the mRNA produced
from the annotated sites (GCR1, MTR2, REC102, REC107,
SPT14, YCL0O02C; Supplementary Table S5), and 15% of all
introns (42/280) exhibited at least 10% alt.3’SS usage (Sup-
plementary Table S5). These data show that Prp18p promotes
global recognition of bona fide 3'SS over competing alterna-
tive sites.
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Spliceosomes exhibit widespread relaxed fidelity
towards non-YAG 3'SS sequences in the absence of
Prp18p

To identify the genomic determinants for alternative 3’SS ac-
tivation in the absence of Prp18p, we analyzed FAnS as a
function of the sequence of these alternative 3'SS sequence.
These 3’SS motifs could be broadly divided into YAG, RAG,
BG (where R = A or G; B = C, G or U), and non-G mo-
tifs, with roughly equal numbers of junctions (126 YAG, 166
RAG, 156 BG, 115 non-G, 6-reads minimum, Supplementary
Table S2, Figure 2A, B). The majority of these sites had not
been detected in previous transcriptome-wide analyses of al-
ternative splicing, likely a consequence of the low usage of
these sites when Prp18p is functional and because of biases to-
wards AG/AC introns in the mapping algorithms previously
used(19,34-36). Strikingly, prp18A spliceosomes tended to
specifically activate alternative 3'SS harboring non-YAG/non-
AAG motifs, with the BG and HAU (H = A, C or U) sequences
being the most frequent non-canonical sequences activated in
the absence of Prp18p (Figure 2A, B). GAG and BG 3'SS were
the most upregulated in the absence of Prp18p, with most al-
ternative YAG sites instead being down-regulated (Figure 2A,
B). We confirmed the activation of the non-canonical 3'SS by
performing targeted RT-PCR on selected transcripts, including
non-consensus 3'SS UGG in UBC12, CUG in MAF1, AUG in
MUD1, ACG in PHOS8S and UUG in SPT14 (Figure 2C). We
also confirmed usage of a highly unusual CAU 3'SS for NYV1
(see below). For SPT14 and YCL002C, RT-PCR confirmed the
near-complete loss of the annotated spliced isoforms with con-
comitant activation of alternative upstream RAG sites (Figure
2C).

We next analyzed the aggregate usage for each 3'SS se-
quence genome-wide by summing SE and FAnS across tran-
scripts, and found AAG to be the most utilized alternative 3'SS
sequence by total SE (Figure 2D). Although the overall SE for
AAG was roughly the same in both strains, the FAnS at AAG
sites was substantially higher in the absence of Prp18p, sug-
gesting a preferential loss of annotated 3’SS usage in the ab-
sence of Prp18p (Figure 2D, Supplementary Figure S4). While
AAG spliced junctions outnumber GAG junctions, the SE for
GAG increased by a larger extent in the absence of Prp18p rel-
ative to AAG (Figure 2D). AUG, ACG, UGG and UUG were
the most efficiently used non canonical BG sites, while CAU
and UAU were the most efficiently used non-G sites (Figure
2D). In summary, these results demonstrate that in the absence
of Prp18p, the spliceosome can utilize 3'SS lacking the consen-
sus A or G nucleosides that are the hallmark of most 3'SS. In
other words, spliceosomes exhibit remarkably relaxed fidelity
in the absence of Prp18p, with a reduced ability to discrimi-
nate YAG from non-YAG sequences.

Prp18p prevents activation of branchpoint-proximal
3'SS and of non-YAG 3'SS sequences

We next analyzed the features of 3'SS sequences activated in
the absence of Prp18p, first focusing on their location relative
to the annotated 3’SS and branchpoint sequences (Figure 3A,
B). Plotting the position of alternative 3'SS by distance to the
annotated 3'SS revealed that alternative YAG and AAG 3'SS
tend to be downstream, while GAG and non-AG sites tend
to be upstream of the annotated 3'SS (Figure 3A). The main
exceptions to this trend were a group of GAG and BG alter-
native 3'SS located 2 and 1 nucleotides downstream of the an-
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notated one (Figure 3A). This observation is consistent with
the model that spliceosomes lacking Prp18p may exhibit ‘slip-
page’ when suboptimal 3’SS sequences are located immedi-
ately adjacent to the normal 3’SS. Many alternative 3’SS used
in the absence of Prp18p were located less than 10 nt from
the annotated branchpoint (Figure 3B). Whereas the shortest
known naturally occurring BP-3’SS distance in budding yeast
is 10 nt, we detected 25 cases of alternative 3’SS positioned
within 10 nt of the branchpoint, with the shortest distance
of 7 nt occurring 7 times (DYN2, PRE3, NCE101, RUBI,
RPL40B, RPS18B, RPS27A; Figure 3B). These sites were uti-
lized at substantially increased levels in the absence of Prp18p,
consistent with spliceosome structural studies that predicted
that Prp18p acts a molecular ruler imposing a minimum BP-
3’SS distance (5).

While we observed a weak relationship between alterna-
tive 3'SS efficiency and BP-3'SS distance in the upf1A con-
trol strain, a stronger negative relationship between alterna-
tive 3'SS efficiency and BP-3’SS distance emerged in the ab-
sence of Prp18p (Supplementary Figure SS). This effect was
strongest for AG sites, likely owing to the increased num-
bers of sites utilized downstream of the annotated 3'SS (Fig-
ure 3A, B). While YAG sites downstream of the annotated
sites tended to be downregulated in the absence of Prp18p,
downstream RAG and BG sites were more often upregu-
lated relative to the annotated sites (Figure 3A). This sug-
gests that the increased utilization of non-consensus 3’SS is
not entirely due to Prp18p-deficient spliceosomes favoring
shorter BP-3'SS distances, but rather indicative of an inde-
pendent function for Prp18p in YAG sequence selection. Sup-
porting this model, we noticed an enrichment of upregulated
NGG sites at +1 and GAG sites at +2 nt downstream of
the annotated 3’SS, where the underlined G represents the
G_; of the annotated YAG 3'SS (Figure 3A; NBG are NGG
sites at the +1 position due to the invariant G in annotated
sites).

Accessibility of 3'SS within the context of RNA secondary
structure can play a major role in determining the primary
3’SS used (i.e. the annotated site); (28,37). To test whether
this impacts alternative 3’SS usage globally, we analyzed ac-
cessibility of alternative 3’SS motifs (i.e. the probability of the
3’SS not being included in a secondary structure) in a window
spanning 7 nt downstream of the BP to 50 nt downstream
of the annotated 3’SS. We then separated sites in two groups,
according to whether they were detected as alternative 3’SS
in either strain. Consistently, alternative 3’'SS motifs that are
utilized tended to be more accessible than those not utilized,
and surprisingly, even more accessible than the annotated 3'SS
(Figure 3C). Together these data support a model in which
3’SS accessibility influences its utilization by the spliceosome,
consistent with previous studies (28).

Poly(U) tract strength and exonic adenosines
promote usage of alternative and non-YAG 3'SS

Next we examined the relationship between poly(U) tracts
and 3'SS usage, and calculated a poly(U) score based on posi-
tion weight matrix scores (PWMS) derived from all annotated
3'SS, as defined previously (30). We found that RAG, BG and
HAU alternative 3’SS sites that are utilized exhibited substan-
tially greater poly(U) tract scores than non-utilized sites (Fig-
ure 3C). This impact of poly(U) sequence was specific to non-
consensus 3'SS sequences, as it was not detected for alternative
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YAG sites (Figure 3C). This observation suggests that activa-
tion of unconventional 3'SS sequences requires the presence of
strong poly(U) tract upstream. As alternative 3'SS are in com-
petition with annotated ones, we examined how poly(U) tract
scores at the annotated sites impact the splicing efficiency (SE)
at alternative 3'SS. Strikingly, we observed a significant nega-
tive correlation between the poly(U) tract scores of annotated
3’SS and SE of alternative 3'SS (Supplementary Figure Sé6a).
This was true even when analyzing RPG and non-RPGs sepa-
rately to account for the observation that RPGs tend to have
much stronger poly(U) tracts (Supplementary Figure S6a). In-
terestingly, BG and HAU alternative 3'SS exhibited greater
poly(U) tract scores relative to the annotated sites in RPG ver-
sus non-RPGs (Supplementary Figure S6b), indicating greater
dependency of non-AG sites on a strong poly(U) tract in the
context of RPG splicing (Supplementary Figure S6b). These
differences are significant in light of the fact that GAG sites
tend to have weaker poly(U) tracts relative to BG and HAU
despite also being predominantly upstream of annotated sites
(Figure 3C).

Previous work has shown that adenosines in both exons can
promote the efficiency of the second step via interactions with
the uridine-rich loop 1 of U5 snRNA, and that these interac-
tions are particularly important in the absence of fully func-
tional Prp18p (17,18). Consistent with these targeted analy-
ses, sequence logo analysis of the alternative 5'SS indicated an
enrichment of adenosines in the first 4-5 nt upstream, simi-
lar to that observed at annotated 5’SS (Figure 3D). While an-
notated 3’SS did not show any enrichment for adenosine in
the downstream exons, alternative AG 3’SS showed enrich-
ment for A at the +1 and +2 positions, with GAG showing the
strongest enrichment from +1 to +4 of the pseudo-exon2 se-
quences (Figure 3D). The enrichment for U downstream of BG
and HAU is likely due in part to the presence of poly(U) tracts
upstream of the annotated site, as the majority of BG and
HAU sites are found within 20 nt upstream of the annotated
site, thus positioned very closely upstream from the poly(U)
tract regions preceding the annotated 3'SS. Instead, GAG sites
exhibit stronger enrichment of downstream pseudo-exonic
adenosines, showing that different non-canonical motifs may
rely on different features for efficient usage by the spliceosome
(Figure 3D). Overall, these results suggest that the utilization
of non-consensus 3'SS sites requires a combination of intronic
and pseudo-exonic features to compete effectively with the an-
notated sites.

Mutations in the conserved loop and helix2 of
Prp18p impair 3'SS sequence fidelity

We next investigated the structural domains and interactions
that allow Prp18p to promote the fidelity of recognition of
YAG 3'SS. S. cerevisiae Prp18p contains five «-helices inter-
spersed with short loop regions, including a loop connect-
ing helices 4 and 5 that contains a highly conserved region
(CR) of 25 amino acids (Figure 4A; Supplementary Figure
S7) (38,39). Cryo-EM structure of the post-catalytic spliceo-
some revealed that the Prp18p «-helical domain interfaces
with the RNase H-like domain of Prp8p at the spliceosome
periphery while the conserved loop juts into the active site
and is positioned near nucleosides -3 and -4 of the 3’SS via
a tunnel going through Prp8p (5). This arrangement is pro-
posed to stabilize the core spliceosome, while the Prp18p CR
along with the o-finger domain of Prp8p forms a channel
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P-values are based on t-test analysis (see Materials and methods).

within the active site through which the 3’SS can be posi-
tioned for exon ligation (5) (Figure 4A). These observations
suggest that the CR loop of Prp18p might promote the fi-
delity of the second step of splicing through its interaction
with the 3'SS region. To test this hypothesis, we analyzed
the impact of three mutations previously reported to disrupt
structural domains of Prp18 (Supplementary Figure S7a): (i) a
modified deletion of the conserved loop that disrupts growth
above 34°C but binds Slu7p efficiently (prp18-ACRt, A(S187-
1211)); (ii) a double point mutation in helix 2 that inhibits
Slu7p binding (prp18-h2, R151E R152E) and (iii) a quadru-
ple point mutation of four conserved residues in helix 5 that
severely impacts growth at 30°C but retains the interaction

with Slu7p (prp18-h5, D223K E224A K234A R235E) (40).
All these mutants were expressed as GFP fusions and west-
ern blot analysis showed expression levels similar to the levels
of the plasmid-borne wild-type Prp18p-GFP when cells were
grown at 30°C (Supplementary Figure S7b). We then ana-
lyzed the impact of these mutations on the splicing of two
pre-mRNAs that exhibited activation of non-consensus 3’SS
in the absence of Prp18p: NYV1 (CAU/ 3'SS) and MUD1
(AUG/ 3'SS). Consistent with previous observations (40), the
prp18-h5 mutant displayed a severe growth defect at 30°C
while the growth of the other two mutants was unaffected at
this temperature, and all three mutants showed growth inhi-
bition at 34 and 37°C (Figure 4B). This result indicates that



Nucleic Acids Research, 2023, Vol. 51, No. 22

C upf1A
’J\'\ ‘\b! J@\@ ,\%b
S wms— |-CAU
S S W e e UG
-— - we ww [-AAG
NYV1
upf1A
4 ’)\'\ ,\b‘ '6\?/ ,\%b
5\,0 \\g\ c_’\\f‘ \6\ Q‘Q
- FAUG

MUD1

12437
upf1A
WT  upflA PP18A prp18A
=+ = + - + = + :pSLU7
- = = = -CAU
- - - - - a. - a UAG
4 = = AAG
NYV1
D cauuac
1' NYV1 DSOoC
B 37°C
0.5 p=0.04

AUG/CAG

MUD1
. p=0005
f p = 0.004 ‘

6\'\5\

IO AR

Figure 5. Slu7p is necessary to recruit Prp18p but not sufficient to fulfill its 3’SS fidelity functions. (A) Spot dilution growth assay for wild-type and
prp18Aupf1A strain complemented with Yep24 plasmids expressing PRP18 or overexpressing SLU7 or empty Yep24 (vector). (B) RT-PCR analysis of
NYVT alternative 3'SS splicing in WT,upf1A, prp18A and prp18Aupf1A strains transformed with a vector (=) or a plasmid overexpressing SLU7 (+). (C)
RT-PCR analysis of NYV1 and MUDT1 alternative splicing in various s/u7 mutants. All strains are in a upf1A background. (D) Quantification of the ratio of
usage of the major alternative 3'SS of NYV7 and MUDT1 relative to the main 3’SS in the various slu7 mutants. Legends as in Figure 4.

the integrity of helix 5 is essential to achieve full functionality
of Prp18p. Importantly, usage of the non-consensus 3'SS of
NYV1 and MUD1 was significantly increased in all these mu-
tants at 30°C (Figure 4C, D). Strikingly, usage of the MUD1
AUG alternative 3'SS was even more pronounced in strains ex-
pressing the h5 and the ACR# mutants than in the prp18-null
background (Figure 4d), suggesting that these mutants may
have dominant phenotypes on the mechanism of 3'SS selec-
tion. We conclude that mutations within the «-helical domain
of Prp18p can compromise the fidelity of selection of YAG
3’SS sequences. Importantly, mutations of the conserved loop
of Prp18p promote usage of alternative 3'SS with sequences
that differ from the consensus at positions -2 and —1. This re-
sult suggests that the role of the loop within the conserved re-
gion of Prp18p is not limited to binding nucleosides -3 and —4
of the 3'SS but extend to the entire 3'SS sequence. It is possible
that these mutations may also impact the positioning of Prp8p
a-finger domain, which directly interacts with the pyrimidine
at position -3 of the 3’SS through GIn1594 (5). However,
the o-finger domain of Prp8p is located away from Prp18p
(Figure 4A), so it is unlikely that this is the major mecha-
nism by which these mutations promote a loss of 3'SS fidelity
mechanisms.

Slu7p is necessary to recruit Prp18p but is not
sufficient to fulfill its 3'SS fidelity functions

Some of the Prp18p mutations analyzed above impacted the
interaction of Prp18p with Slu7p (e.g. h2), so we next asked
if Slu7p may influence the ability of Prp18p to promote 3'SS
fidelity, as Slu7p has been previously shown to influence 3'SS
choice (41). Prior work has shown that an excess of Slu7p
can restore the splicing defect of yeast splicing extracts de-
pleted for Prp18p (15), suggesting that the role of Prp18p dur-
ing splicing can be fulfilled solely by Slu7p. To test whether
Slu7p can compensate for the loss of 3’SS fidelity detected in
cells lacking Prp18p, we overexpressed Slu7p in the prp18A
mutant and assayed growth and splicing phenotypes. Over-
expression of Slu7p conferred a partial rescue of the growth
defect observed in the prp18 Aupf1 A strain (Figure 5A), con-
sistent with previous observations (40). However, overexpres-
sion of Slu7p in the prp18 Aupfl A strain had no impact on
usage of the annotated or alternative CAU or AAG sites the
NYV1 mRNA (Figure 5B). This result suggests that over-
expressing Slu7p might rescue growth defects through en-
hanced splicing of a subset of intron-containing transcripts
rather than by improving 3'SS fidelity. We next asked whether
the recruitment of Prp18p by Slu7p is required to fulfill
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Prp18p’s function in the fidelity of 3'SS selection. We ana-
lyzed NYV1 and MUD1 splicing in the previously described
slu7-11 (H75R, R243G, D267G), slu7-14 (R173G, W210R,
L297Q) and slu7-EIE (E215A-1216A-E217A) temperature-
sensitive mutant strains (42). We found that the slu7-EIE al-
lele is the only slu7 mutant which exhibited significant usage
of the non-canonical alternative 3'SS of NYV1 or MUD1 at
30°C (Figure 5C, D) or 37°C (Figure 5D). This result is consis-
tent with previous data showing that the slu7-EIE mutation
abolishes the interaction of Slu7p with Prp18p (43) and there-
fore prohibits the recruitment of Prp18p to the spliceosome,
phenocopying the absence of Prp18p. We conclude that the
recruitment of Prp18p by Slu7p is critical to promote the role
of Prp18p in the fidelity of 3'SS selection, but that this role
cannot be fulfilled by Slu7p alone, in contrast to previous in
vitro results showing that the absence of Prp18p can be com-
pensated by an excess of Slu7p (15). This result identifies a
unique role for Prp18p in the fidelity of recognition of 3'SS
sequences.

Mutations at the Prp8pePrp18p interface disable
Prp18p 3’SS fidelity functions

Recent structural studies of yeast spliceosomes in various late
stages of the spliceosome cycle have shown that Prp18p and
Prp8p interact through the RNase H-like domain of Prp8p
(Figure 4A) (5,44). Two PRP8 mutant alleles, prp8-121 and
prp8-123 were previously shown to confer increased splic-
ing of reporter transcripts carrying point mutations within the
3’SS YAG motif(45). However, neither of these prp8 mutants
triggered alternative splicing at the non-canonical NYV1 CAU
3’SS (Supplementary Figure S8). While it remains possible that
these prp8 mutations may affect splicing fidelity for other en-
dogenous transcripts, this result demonstrates that the role of
Prp18p in promoting 3'SS fidelity is likely to be distinct from
the fidelity mechanism that is inhibited in the prp8-121 and
prp8-12 alleles.

We next hypothesized that positioning of Prp18p by the
Prp8p RNase H domain in the spliceosome active site would
be critical to achieve fidelity. We identified two potential sites
of interaction between Prp8p and Prp18p (Figure 6A). Prp8p
P1984 is located near Prp18p N190 (Figure 6A, top) while
the backbone amide of Prp8p L1988 forms a potential hy-
drogen bond with the side chain of Q181 of Prp18p (Figure
6A, bottom). To disrupt these predicted interactions, we in-
troduced two mutations into the endogenous PRP8 gene at
P1984 and L1988 and assessed the impact of these mutations
on 3'SS fidelity. The prp8-P1984A-1.1988A (PALA) exhibited
significantly increased usage of the alternative 3'-SS of NYV1
and of MUD1 (Figure 6B, C). To further evaluate the impor-
tance of the Prp8ePrp18p interface in 3’SS fidelity, we mutated
the other side of the interface with an alanine substitution
at residues Q181 of Prp18p (prp18-QA mutant). We found
that the prp18-QA allele also resulted in a strong activation
of the NYV1 and MUD1 alternative 3'SS (Figure 6B, C). In-
terestingly, this allele fully rescued the severe growth defect of
the prp18 Aupfl1 A double mutant (Figure 6D). In addition, the
prp18-QA or prp8-PALA mutants did not exhibit any signif-
icant growth defects in liquid culture, whether or not NMD
was active (Supplementary Figure S9). These growth assays
suggest that the levels of unproductive alternatively spliced
transcripts that accumulate in these fidelity mutants may not
be sufficient to affect growth in standard laboratory condi-
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tions. We do not know, however if the 3'SS fidelity defects de-
tected in these point mutants are as severe or global as those
observed in a strain that lacks Prp18p completely, as we did
not perform RNA-seq analysis of these mutants. So it is pos-
sible that the 3’SS fidelity defects detected in these mutants
affected only a few specific transcripts such as MUD1 and
NYV1, which may explain the lack of growth phenotypes.
However, we conclude that the Prp18ePrp8 interface is critical
for the fidelity of 3’SS recognition by the spliceosome and to
prevent usage of some non-consensus 3'SS by the spliceosome.

Prp22p, but not Prp43p, acts downstream of Prp18p
to proofread erroneous selection of non-consensus
3’ splice sites

We next explored whether other splicing factors may assist
or synergize Prp18p function in promoting 3'SS fidelity. We
began with Prp17p, which stabilizes the C* complex follow-
ing remodeling by Prp16p but preceding exon ligation (44),
and Cwc21p, which has also been shown to influence 3'SS
selection (46). RT-PCR analysis of prp17A and cwc21 A null
mutants revealed no increased usage of the non-AG 3'SS of
NYV1 (Supplementary Figure S10). We next analyzed mu-
tants of the RNA helicase Prp22p due to its known role in
proofreading splicing (13) and mediating alternative 3’ SS se-
lection (12). In addition, structural studies have suggested that
the ability of Prp22p to proofread bona fide 3'SS sequences
might be linked to its ability to sense the stability of the docked
3’SS engaged in non-Watson-Crick interactions with the 5'SS
(5). Previous work found increased usage of a non-consensus
RAG 3'SS in splicing reporters in two prp22 mutants harbor-
ing mutations within the conserved motif VI, prp22-R805A
and prp22-G810A (13,47), so we tested the impact of these
two mutants on splicing fidelity. Strikingly, we found that the
prp22-G810A allele increased usage of the NYV1 CAU al-
ternative 3’SS when this mutant was grown at the permissive
temperature of 30°C (Figure 6E, F). By contrast, the prp22-
R805A mutant did not appear to impact NYV1 splicing fi-
delity (Figure 6E, F) despite having much stronger growth de-
fects at reduced and elevated temperatures relative to prp22-
G810A (Figure 6E-G). The growth of these two mutants at
different temperatures (Figure 6G) was consistent with pre-
vious reports (47), and inactivation of UPF1 had no further
effect on cellular growth of these mutants (Figure 6G).

To test whether the role of Prp22p in 3'SS fidelity is also
shared with other late splicing factors, we analyzed mutants
of the DEAH-box RNA helicase Prp43p, which facilitates the
disassembly of the U2, U5, and U6 snRNPs from the excised
intron lariat (48,49). The prp43-Q423N and prp43-Q423E
motif VI mutations result in cold sensitivity iz vivo and the
prp43-Q423E mutation was shown to increase usage of a
cryptic 3°SS in a splicing reporter (50), suggesting a role for
Prp43p in the fidelity of 3°SS selection. We found no evidence
for increased usage of the NYV1 alternative 3°SS in either of
these mutants in the upf1A background at either the permis-
sive or non-permissive temperatures (Supplementary Figure
S11), suggesting that Prp43p does not contribute to the mech-
anisms of 3°SS fidelity governed by Prp18p and Prp22p.

The finding that alternatively spliced NYV1 transcripts us-
ing the non-canonical 3'SS can be detected in both Prp18p
and Prp22p (but not Prp43p) mutants suggests that the two
proteins may act sequentially in promoting the fidelity of 3'SS
selection, with Prp18p playing a primary role in promoting the
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included for reference. (C) Quantification of the ratio of usage of the major alternative 3'SS of NYV7 and MUDT relative to the main 3'SS in the
prp8PALA mutant and other mutants analyzed in (B). Legends as in Figure 4. (D) Growth analysis of WT and upf71Aprp18A transformed with a pUG35
vector (V) or a pUG35 plasmid containing WT PRP18 (WT) or a Q181A mutation (QA). Strains were grown for 3 days at 30°C. RT-PCR analysis of NYV1
splicing in wild-type, prpo18A or prp8 point mutant strains. (E) RT-PCR analysis of NYV7 alternative splicing in wild-type, prp18A, or prp18 point mutant
strains. All strains were in a upf1A background. (F) Quantification of the ratio of usage of the major alternative 3'SS of NYV7 for the strains analyzed in
(E). Legends as in Figure 4. (G) Spot dilution growth assay showing prp22A null mutant yeast in either a wild-type (top three rows) or upf7TA NMD
mutant background (bottom three rows) carrying pRS315 plasmids expressing either wild- type PRP22, prp22-R805A or prp22-G810A alleles. Strains
were grown to exponential phase in CSM-LEU media then serially diluted in 3-fold spot dilutions onto CSM-LEU plates and incubated at the indicated
temperatures for 3 days. (H) Quantification of the ratio of usage of the major alternative 3'SS of NYV1 for a pro18Aupf1A strain transformed with an
empty vector (V) or a pRS315 plasmid expressing PRP22 (WT) or prp22-G810A. Legends as in Figure 4.
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stable docking of consensus 3’SS sequences and Prp22p play-
ing a downstream proofreading role, as suggested previously
(13). To test this hypothesis, we expressed the prp22-G810A
mutant in the upf1 Aprp18 A background, with the idea that
expressing this mutant should be epistatic to the absence of
Prp18p if these two proteins act at the same step. Strikingly,
expressing the prp22-G810A mutant in the upf1Aprp18A
background resulted in an additive effect on the accumulation
of the NYV1 CAU alt.3’SS (Figure 6H). This result demon-
strates that Prp18p and Prp22p function independently and
sequentially to promote the fidelity of 3'SS selection. Our re-
sults suggest that Prp18p promotes docking of consensus 3'SS
sequences at a minimum distance of 10 bp from the branch-
point, while Prp22p assumes a downstream proofreading role
to reject non YAG 3'SS docked in the active site but with
suboptimal interactions with the 5’SS and/or branchpoint se-
quences. The rejection of these substrates by Prp22p would be
consistent with the classical kinetic proofreading mechanism
proposed for splicing helicases (51).

Discussion

In this study, we show that Prp18p plays a global role in
promoting the selection of consensus 3'SS sequences by the
spliceosome in2 vivo in S. cerevisiae. While structural studies
had shown that Prp18p promotes docking of the 3’SS in the
spliceosome active site, our study provides for the first time
evidence for genome-wide loss of splicing fidelity in vivo in
the absence of Prp18p. In particular we demonstrate a global
relaxed fidelity of the spliceosome towards non-YAG 3’ SS
sequences. To our knowledge, this is the first report of such
widespread usage of non-consensus 3’ SS sequences in vivo.
The loss of fidelity we detect is mainly specific to the loss of
Prp18p, as it is not detected in most other splicing mutants di-
rectly implicated in the second splicing step, including prp17
and some prp8 mutants previously described to affect 3'SS
fidelity (45). However, relaxed fidelity is also triggered by mu-
tations that prevent recruitment of Prp18p (such as slu7-EIE),
or perturb its interactions in the spliceosome active site (such
as mutations at the Prp8p-Prp18p interface; Figure 6). It is
possible that this 3'SS sequence fidelity mechanism also in-
volves the newly identified second step factor Fyvé6p, as inac-
tivation of Fyv6p was found to result in an increased usage of
upstream 3'SS of a reporter transcript and of the endogenous
SUS1 pre-mRNA (11). Identification of a potential role of
Fyvé6p in 3’SS sequence fidelity awaits further investigations.
Lastly, we demonstrate that the fidelity function of Prp18p is
enhanced by the proofreading activity of Prp22p, as shown
by the additive effects of inactivating Prp18p and expressing
dominant negative versions of Prp22p. While this fidelity func-
tion was previously demonstrated using reporter RNAs (13),
we show that it operates in vivo on endogenous RNA sub-
strates, and that it functions sequentially after Prp18p. There-
fore, 3'SS sequence fidelity is a multi-step process in which
Prp18p acts to promote fidelity of selection of canonical 3'SS
sequences, while Prp22p proofreads non-consensus 3’SS se-
quences docked in the active site that may have escaped the
Prp18p primary selection mechanism. The ability of Prp22p
to proofread these splicing events might be linked to a more
unstable binding of these suboptimal 3'SS with the 5’SS or
branchpoint in the spliceosome active site, consistent with
the kinetic proofreading model proposed for splicing helicases
(51).
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Alternative, non-consensus 3’SS used in the absence of
Prp18p are highly diverse in their sequence, which raises the
question why specific sites are being used as opposed to oth-
ers which are very similar and located nearby. We found that
several intronic and pseudo-exonic features such as the dis-
tance from the branchpoint to the 3'SS, the presence of poly(U)
tracts upstream the alternative and annotated sites, adenosine
content in the exons or pseudo-exons, and accessibility of the
site within RNA secondary structure likely combine to dictate
the efficiency of alternative 3'SS usage. After the first chem-
ical step of splicing, the spliceosome needs to dock the 3'SS
in the active site. This docking process might be slower in the
absence of Prp18p, which may provide opportunity for non-
canonical 3’SS sequences located upstream from the normal
3’SS to dock prematurely in the spliceosome active site and
compete with the bona fide 3'SS (Figure 3A, B). We propose a
model wherein in the absence of Prp18p, non-canonical 3'SS
sequences are more likely to engage in promiscuous interac-
tions with the first intronic nucleotide a la Parker and Siliciano
(3) and position the 3’SS for ligation as shown in spliceosome
structures (5) (Supplementary Figure S12a). In agreement with
this model, a previous study showed that introducing point
mutations in the G1 and G-1 of the 3'SS can trigger activa-
tion of a cryptic upstream 3'SS that recapitulate these non-
Watson-Crick interactions (4). In light of the frequent activa-
tion of HAU alternative 3'SS sequences, we propose that in the
absence of Prp18p, there may be increased flexibility in the
active site which allows for an alternative base-pairing with
the 3'SS U4 and the 5’SS G4y (Supplementary Figure S12b).
Substituting a cytosine or adenosine at the last position of the
3’SS would introduce a steric clash or incompatible hydrogen
bond donor/acceptor arrangements that would disrupt the
non-Watson Crick interaction with G1 (Supplementary Fig-
ure S12c, d), providing a rationale for the preference for Us
we observe at the last position of non-G alternative 3’ SS.

Lastly, it is important to consider the potential conservation
of the role of Prp18p in splicing fidelity. Prp18p (or PRPF18 in
higher eukaryotes) was found to be present in the last eukary-
otic common ancestor (LECA), pointing to an ancient role
in splicing (52). However some organisms may have evolved
in their requirement for Prp18p. For instance, different bud-
ding yeast species have been shown to exhibit different ranges
of BP-3'SS distances, with the salt-tolerant species Debary-
omyces hansenii exhibiting the shortest predicted BP-3'SS dis-
tances of predominantly 7-8 nt (27). Because this type of sub-
strate was shown not to require Prp18p for efficient splicing,
it is possible that the effect of inactivating Prp18p in this or-
ganism might be less severe than in S. cerevisiae. In addition,
Prp18p (and Slu7p) are not universally present in eukaryotes,
as shown by the reduced spliceosome of the red algae Cyani-
dioschyzon merolae, which lacks these two proteins entirely
(53). This observation begs the question of which proteins
might be primarily involved in the mechanism of 3'SS fidelity,
and whether the role of Prp18p in this process has been re-
placed by stronger interactions between Prp8p and the 3’SS,
or by a more prominent role for Prp22p. In mammalian tran-
scriptomes, 3°SS recognition is somewhat more complex than
in S. cerevisiae considering the length of intronic sequences,
which are much longer than in S. cerevisiae. hSlu7, the human
homolog of yeast Slu7p, has been shown to be required for
correct 3°SS choice in mammalian cells (54). Prp18p is also
conserved in mammalian cells and was shown to be required
for the 2" step of splicing iz vitro (55). However, biochemical
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and structural characterization of human C* and P spliceo-
somes showed the absence of the human Prp18p homologue
PRPF18 (56-58). In the absence of PRPF18, additional, hu-
man specific factors are present, which facilitate the second
splicing step (56). On one hand these observations may argue
against a conserved role for Prp18p in promoting splicing fi-
delity in mammalian splicing. On the other hand it is possible
that PRPF18 is necessary to promote splicing efficiency and fi-
delity for specific transcripts. This hypothesis is supported by
the observation that the role for PRPF18 in splicing in vitro
was established using a 3-globin pre-mRNA (55), which dif-
fers from the MINX pre-mRNA used in the later biochemi-
cal and structural studies of human spliceosomes (56,57,59).
Therefore it is possible that the role of Prp18p in splicing fi-
delity might be conserved in humans but restricted to specific
transcripts or cell types. This would be reminiscent of the sit-
uation in yeast, where we have shown that the loss of Prp18p
impacts much more severely non-ribosomal protein gene in-
trons. Therefore, a full answer to the question of the role of
PRPF18 in splicing fidelity awaits further genomic analyses in
human systems.
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