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Alternative splicing of precursor-messenger RNAs (pre-mRNA) bearing introns
with competing 5’ splice sites (5'SS) produces two mRNAs. We investigated the
mechanism of alternative splicing of the yeast HEHI/SRCI gene, which contains
four nucleotide-apart competing 5SS, by monitoring its RNA and protein
products. HEHI alternative splicing requires a sixteen-nucleotide pre-mRNA
segment spanning its two 5'SS. The nucleotides are decoded by U5 and U6
small nuclear RNAs (snRNAs), supported by specific proteins of the spliceo-
somal B and Bact complexes, including Prp8. HEHI alternative splicing became
independent of the supporting proteins following recalibration of the pre-
mRNA-snRNA base pairings through changes in the 5’SS or U5 and U6 snRNAs.
Assisted by proteins that stabilize low-fidelity, high-efficiency spliceosome
conformations, the competing HEH1 5'SS are marked for alternative splicing by

U5 and U6 snRNAs during the B to Bact transition of the spliceosome.

Splicing of precursor-messenger RNAs (pre-mRNA) occurs through a
multi-step process involving large and dynamic ribonucleoprotein
(RNP) complexes called spliceosomes. Stage-specific spliceosomes are
assembled on a pre-mRNA following intricate rearrangements of five
distinct snRNPs containing cognate small nuclear RNAs (snRNAs) and
associated proteins’. Specific trans-acting snRNPs recognise cis-
acting splicing signals in pre-mRNAs: the donor 5’ splice site (5'SS)
‘GU’, the acceptor 3’ splice site (3'SS) ‘AG’, and the branchpoint ade-
nosine ‘A’. Two steps of transesterification reactions, catalysed by
divalent metal ions and U6 snRNA in the spliceosomes, remove introns
and join exons to form functional mRNA. The spliceosome machinery
is essential for constitutive and alternative splicing.

Multiple mRNAs can be produced from the same gene through
alternative splicing. The process amplifies protein diversity from lim-
ited gene pools in an organism**, Different classes of alternative spli-
cing exist in eukaryotes. Key among them occurs through the
alternative selection of competing 5'SS° and 3'SS*, and alternative
splicing through competing 5'SS is a prevalent mode. A majority of pre-
mRNAs in the budding yeast Saccharomyces cerevisiae have the highly
conserved GUAUGU hexanucleotide as 5SS donors®, but the sequen-
ces are highly variable in intron-rich eukaryotes, where alternative 5'SS

selection is widespread’. Two major classes of 5SS (NN/GURAG and
AG/GUNNN; N represents any nucleotide and R represents a purine, /'
indicates exon-intron junction), distinguished by the presence of ‘G’ at
-1 and +5 positions, have been reported®. Alternative 5'SS are often
found 4 nucleotides across the dominant 5'SS, and such occurrences in
the human genome are estimated to be large”'°. The canonical ‘GU’
dinucleotide deviates to ‘GC’ in 0.87% of 5'SS in humans".

The HEHI gene (also called SRCI) in S. cerevisiae is alternatively
spliced?™. Its pre-mRNA has alternative donors with ‘GC’ and ‘GU’
dinucleotides embedded into two non-canonical 5'SS, /GCAAGU and
/GUGAGU, arranged as a partially overlapping sequence /GCAA/
GUGAGU. /GUGAGU is the dominant 5SS, and splicing through this
site generates mRNA-encoding a longer full-length protein, HehiL.
Splicing through the upstream /GCAAGU is tightly regulated and
produces mRNA-encoding a shorter protein, HehlS (the removal of the
GCAA tetranucleotide gains an in-frame stop codon early in HEH1S
mRNA). The two proteins share a common N-terminus but differ in
their C-termini, thus attaining different topologies within the inner
nuclear membrane and having distinct functions™™%,

Competing 5SS are selected through early recognition of pre-
mRNAs by RBPs (RNA-binding proteins), Ul snRNA and associated
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proteins' . Specific RBPs, SR (serine/arginine-rich) proteins, and
hnRNPs (heterogeneous nuclear ribonucleoproteins) have been
reported to be crucial for 5SS selection®”>?. These proteins act as
splicing enhancers and silencers, and regulate splicecosome assembly
on target pre-mRNAs in association with the Ul snRNP. The yeast
RPL22B gene possesses an alternative 5 ’ splice site (5'SS) decoded
through U1 snRNP-associated proteins, including Nam8 and Mud1?. 8
globin, MAPT, and WT1 genes in humans utilise the core Ul snRNP
proteins (U1-70K, U1A, U1C) and regulatory splicing factors such as SR
proteins and hnRNPs to modulate alternative 5'SS choice®.

The role of successive spliceosomal complexes in 5'SS selection
has been reported®. U5 and U6 snRNAs modulate 5SS selection®?!. In
the absence of an authentic 5’SS, U5 snRNA can promote splicing from
cryptic sites™*. Ul snRNA-induced selection of a nearby 5'SS by
U6 snRNA during spliceosome assembly**. m6A modification (methyl
group addition at N6 position of adenosine) of U6 snRNA in humans,
Caenorhabditis elegans, and Schizosaccharomyces pombe altered 5'SS
selection, particularly of +4A positions in introns, and caused a shift to
an alternative nearby site’>*°, Furthermore, RNA structures modulate
cis motifs in pre-mRNAs at different stages of the splicing cycle. A large
number of S. cerevisiae introns are structured”. Structured introns in
fission yeast and human are also regulatory to splicing outcomes and
alternative splicing®®*. Thus, 5'SS selection depends on both early
recognition and late processing of target introns.

The HEHI gene is a valuable tool for investigating the RNA and
protein factors required for alternative splicing through competing
and overlapping 5’ SS. Its alternative splicing requires non-covalent
associations of the ubiquitin-like protein Hub1 (UBLS in humans) with
the Ul and U2 snRNP-bridging RNA helicase Prp5*°, and the U4/U6.U5
tri-snRNP protein Snu66”. Thus, Hubl acts early in spliceosome
assembly by activating the RNA helicase, as well as later with the tri-
snRNP component™. The latter activity suggests a possible role of the
spliceosome core in HEH1 5'SS selection. We find that HEHI alternative
splicing requires optimal pairing of U5 and U6 snRNAs across a 16-
nucleotide segment of the pre-mRNA across the two 5’SS at the exonl-
intron boundary. The selection of the competing 5SS by U5 and
U6 snRNAs and alternative splicing was supported by specific proteins
of the spliceosome core, including Prp8.

Results

Trans-acting proteins for HEHI alternative splicing

Between two 5'SS of HEH1/SRCI pre-mRNA/GCAA/GUGAGU, the usage
of the upstream 5'SS/GCAAGU requires non-covalent binding of the
ubiquitin-like protein Hubl to Snu66. The downstream 5'SS/GUGAGU
was dominant and selected independently of this complex®. We
searched for additional HEHI alternative splicing factors in S. cerevisiae
through the following approaches.

(i) HEHI-LACZ alternative splicing reporters HEHIS-LACZ and
HEHIL-LACZ were prepared (Supplementary Fig. 1a), on the line of
RPS51-LACZ splicing reporter*?, by fusing a HEHI gene segment con-
taining parts of the exons across the intron upstream of the -
galactosidase-encoding LACZ gene. In-frame translatable reporter
mRNA would be made only after precise 5'SS selection and excision of
the intron. Reporter activities were monitored in yeast strains grown
on solid (X-Gal overlay assay) and liquid (ONPG assay) media. Splicing
from the alternative 5'SS was diminished in the deletion strains of the
RES (Retention and Splicing complex) complex subunits Snul7, Bud13,
Pmll, and Urnl. The deletion of the NTC (Nineteen Complex) factor
Ecm2 showed similar defects (Supplementary Fig. 1b, c). By contrast,
splicing from the dominant 5'SS remained unaltered in the mutants,
suggesting a role of these proteins in the selection of the weaker
alternative 5'SS.

(if) Hehl protein isoforms were monitored in deletion and point
mutants of splicing factors by Western blot assays. The gene was
expressed with N-terminal epitope tags from a plasmid or tagged

chromosomally. Supporting the data with the reporter assays (Sup-
plementary Fig. 1a—-c), HehlS protein was strongly diminished in the
knockout mutants of Snul7, Bud13, Pmll, and Urnl, in addition to Hubl
(Supplementary Fig. 1d). The previously reported D22A and Hé63L
mutants of Hubl were defective in HEH]I alternative splicing. Potential
RNA-binding mutant of Hubl, as deduced from cryo-EM studies of
spliceosomes****, showed a similar lack of HehlS protein (Supple-
mentary Fig. 1h). Alternative splicing defect was also seen in the Hubl-
binding-deficient Snu66-HIND mutant (Supplementary Fig. 1j). Prp8
alleles were also screened for HEHI alternative splicing. HehlS level
was strongly reduced in the prp8-101 (E1960K) allele. No other Prp8
mutant tested showed similar defects. While HehlS protein was
diminished in the above mutants, they showed more HehlL than wt
(Fig. 1a), possibly because the lack of competition from HEHIS 5'SS led
to increased usage of the HEHIL site.

(iii) HEHI mRNA isoforms in the yeast mutants were monitored by
reverse-transcription (RT) PCR assays, with primers binding to HEHI
exons, followed by sequencing of the cDNAs. The two mRNAs show a
single band. Since they differ in GCAA nucleotides at the exon junction
(HEHL gains GCAA due to the usage of downstream 5'SS), electro-
pherograms show two mixed peaks after the common exon. Areas
under the peaks were integrated to estimate the relative abundance of
the two mRNAs. Consistent with the findings from reporter assays and
protein analysis, the above mutants showed diminished levels of
HEHIS mRNA, confirming the 5'SS selection defects at the RNA level
(Fig. 1c). The electropherograms also showed increased HEHIL mRNA
level in the mutants, compared to the wt strain (Fig. 1d), consistent
with higher protein levels seen in Fig. 1a. Thus, spliceosomes defective
in using HEHIS 5'SS used the dominant HEHIL 5'SS more efficiently in
the absence of competition.

(iv) Splicing factors essential for cell viability could not be
explored with deletion strains. Hub1’s proximity to them was used to
explore their potential role in HEHI alternative splicing. Snu66-
binding-deficient hub1(D22A) in the free form was defective in the
usage of HEHI alternative 5'SS, but its linear fusion to Snu66, Prp38 and
Prp8 restored alternative splicing in cells lacking Hub1". Interestingly,
HehlS protein was restored after anchoring Hubl to Prp3, Prp6, and
Prp31, but not to other proteins or the components of Ul and U2
snRNPs (Fig. 1e). Thus, Hubl’s proximity to specific proteins of the
spliceosome B and Bact complexes (Snu66, Prp38, Prp8, Prp3, Prp6,
and Prp31) promoted HEHI alternative splicing.

The data discussed in i-iv indicated the need for specific proteins
of the spliceosome core for HEHIS formation. However, their excess
did not dominate the 5SS selection towards HEH1S. Overexpression of
none of these proteins increased the HehlS isoform or suppressed the
HehlL (Supplementary Fig. Im, n). Even Hubl’s constitutive presence in
the spliceosome through its chromosomal fusions to two HEHIS
splicing-promoting factors, Snu66 and Prp38, could not alter the
HehlS/HehlL ratio (Supplementary Fig. 10). Since excess trans-acting
proteins could not modulate the spliceosome towards HEHIS site, we
next asked how were the competing 5'SS decoded?

U5 and U6 snRNAs decode pre-mRNA cis elements for alter-
native 5’SS selection

From the splicing reporters discussed above, and known binding sites
of U1, U5, and U6 snRNAs at exon-intron boundaries, we narrowed a 16-
nucleotide pre-mRNA segment (1913-1928 of the HEHI gene) and
studied its importance for alternative 5'SS selection by mutagenesis
(Fig. 2a). Proteins originating from the variants were detected by
western blots, and mRNAs by RT-PCR followed by cDNA sequencing
(Fig. 2b, c). Almost any change in this segment lost alternative splicing
(barring the G(—1)A variant of HEHIS) and produced either one of the
Hehl isoforms. Changes leading to stop codons were studied by cDNA
sequencing. GCAA to GUAA change of the upstream 5'SS gains an in-
frame stop codon of HEHIL mRNA, abolishing the HehlL protein (this

Nature Communications | (2026)17:930


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67659-8

a < N Cc FiR2
< F1+R1: PCR
o TR Lo HEH1cDNAs: [_exoni [ exonz | —
§€ 2% E ¢ 5 4 < R1 F2: Sequencing
£353533 538 §
kDa wt Ahub1 snu66-AA
HENTL A o s o 40 o 498 S o iy [-100
Heh1S- # ; 44
Ponceau-‘ﬂ-.q—,.-.‘—, ».4| | | {/ \W/\ | A | ) \
_ e HEH1L -G G AGGCAAU UAL 47% GG AGGCAAUUAU73% GGAGGCAAUU/—\U60%
s 1 HEH1S-G G AGUUAUCACC53% GG AGUUAUCACC27% G GAGUUAUCACC40%
(=)
0.5 I
E’ i AR i 0N Asnu17 Abud13 Apmit
WB: Anti-Myc “Heh1L mHeh1S |
b F1a / AR | I\ L | NAANR
exont —— exon2 - - ~ - L
‘ <R | HEHTL -GG AGGCAAUUAUT9% GGAGGCAAUUAU78% GGAGGCAAUUAU 63%
< HEH1S-G G AGUUAUCACC21% GGAGUUAUCACC22% G GAGUUAUCACC37%
TN o ~ g S é
~ ~ ~
3833 E =& o &b © Aurn1 Aecm?2 prp8-101
2225385868 <86 ‘
£33 5433330 T 5o HEH

-

ar
@

STE?2 “ : -
— el T HEH1L- GG AGGCAALUAL 77% G AGGCAALUAUST% GG AGGCAA D UAUS0N
RT-PCR HEH1S- GG AGUUAUCACC?23% GGAGUUAUCACC33% GGAGUUAUCACC20%
d e C-term. fusions with hub?(D224) ()
wt Ahub1 wt Ahub1
HEH1L-specific mRNA in: r 1 1 r 5 5 1
o o o o o O
Ay ~ o = 2 o « © 0 Q9 ©® 0 5 0 o 0 o - & ®
O e 0 = O = o = Q O 0o © m < © O 5 = o «
OIS S22835238% s5s58288¢e8288e35§
§<§§§§S§o5 cAad N cOfd »W pa © € N AL ODAA B I QT =2 a
«SF 39330 R -150
§35 4359999 Heh1l - .o N . e 100 gy gy el il s lel el llel
oAZ HehTS-'.... = l75 n mnn Ho"o o” ¢ [-100
®E = 1
-5 (0]
=5 5
8 s A0 0aalas D20l
= 0]
0 V""" x 0 .. . -I .-Il----—.
A A A A A A

WB: Anti-Myc

Fig. 1| HEH1 alternative splicing needs B and Bact proteins. a The abundance of
HehlL and HehiS protein isoforms in the mutants of the indicated spliceosomal
proteins was monitored by western blots. hubl, snul7, ecm2, and urnl mutant
strains are respective gene knockouts. snu66-AA mutant refers to R16A and R47A
variant of Snué6, its Hub1-binding-deficient HIND mutant. prp8-101 is the E1960K
allele of Prp8. The mutants were identified in targeted screens shown in Supple-
mentary Fig. 1b-l. Data shown as mean = s.d. (n =3 independent replicates). b RT-
PCR assays using primers F1 and R1 to monitor HEHI pre-mRNA splicing in the
mutant strains. ¢ Spliced cDNA bands were purified from mutants in (b) and
sequenced with a nested F2 primer to estimate the extent of HEHI alternative
splicing from the area under the peaks of isoform-specific nucleotides. The values
for UUAUCACC indicate the relative abundance of HEHIS, and for GCAAUUAU
show the relative abundance of HEHIL. The peak for the underlined ‘A’, being

Heh1L ®mHeh1S

WB: Anti-TAP =Heh1L ®=Heh1S

common to both isoforms, was omitted from the quantitation. The values on the
right of the peaks indicate the relative abundance of respective mRNA isoforms.
d The relative abundance of HEHIL mRNA in different strains was estimated from
the cDNA electropherogram in (c). e Splicing factors from distinct spliceosomal
complexes were probed by linear chromosomal fusions of a Snu66-binding-
deficient hub1(D22A) mutant (indicated with empty circles) at the C-termini of
respective splicing factors. Rescue of alternative splicing defects (gain of Heh1S
protein) following hubl(D22A) fusion in the Ahubl background was monitored in
Western blots. Note that the otherwise free hub1(D224) is deficient in HEHI alter-
native splicing” (also see Supplementary Fig. 1g, h). Upward triangle marks 4hubl
strain harbouring splicing factor-hubI(D22A) fusions, where HehlS protein was
restored.

data explains the choice of the ‘GC’ donor for HEHIS splicing; a ‘GU’
would have abolished HehlL). These results highlighted the invaria-
bility of nucleotides around the competing 5’SS.

The alternative splicing defects in the pre-mRNA variants, how-
ever, did not correlate with predicted Ul snRNA-5'SS interactions.
Although U1 snRNA-HEH]IS 5'SS pairing was weaker in HEHI pre-mRNA
variants #4, #7, #11, and #13, HehlS protein remained unaffected.
Similarly, HehlL expression did not diminish with weakened U1 pairing
of #9, #12, and #14. Strikingly, we noticed a perfect correlation in the
5'SS choice and their expected base-pairing strengths with U5 and
U6 snRNAs. 5'SS that paired stronger to U5 or U6 snRNAs was the
preferred donor, and the use of the second site was minimal (Fig. 2 and
Supplementary Fig. 2).

U5 and U6 snRNAs can promote alternative 5’SS selection with-
out the protein factors

From Fig. 2, US and U6 (but not Ul) snRNA variants with modified base
pairing to the competing sites were expected to bias the selection.
Indeed, the respective 5'SS was used more efficiently upon over-
expression of U5 and U6 snRNA variants with strengthened base
pairing (Fig. 3b). Similar overexpression of the Ul snRNA variant did
not alter 5'SS choice. U5 snRNA U(98)G and U6 snRNA A(45)G variants
with stronger binding to HEHIL 5'SS increased HehlL protein (Sup-
plementary Fig. 3). Conversely, U5 snRNA U(98)C and U6 snRNA U(46)
C A(45)U variants with stronger binding to HEH1S 5'SS increased Heh1S
mRNA and protein (Fig. 3b, c and Supplementary Fig. 3a, b, e, f). Thus,
the 46th and 45th nucleotides of U6 snRNA, beyond the ACAGA box,
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were also crucial for selecting the alternative 5'SS by base pairingat+7  A(45)U variants of U6 snRNA restored alternative splicing defects in
and +8 nucleotides in the intron. Ahubl, Asnul7, Aecm2, and Aurnl mutants (Fig. 3 and Supplementary

If the proteins discussed above act by stabilising U5 and U6 Fig. 3). Notably, the defect in prp8-101 strain was partially restored by
snRNAs on the pre-mRNA substrate, the snRNA variants pairing overexpression of the U5 and U6 snRNA variants, suggesting an
strongly to HEHIS 5'SS should bypass the need for the proteins. additional role of the core spliceosome protein Prp8 in 5'SS
Indeed, overexpression of U(98)C variant of U5 snRNA and U(46)C, selection.
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Fig. 2 | Sequence at the exon-intron boundary of HEHI determines alternative
5’SS selection. a The 16-nucleotide segment at the exon/intron (1913-1928)
boundary of HEHI was investigated for alternative splicing by mutagenesis. The
sequence was selected based on the pairing of U1 snRNA, U5 snRNA loop 1, and
U6 snRNA ACAGA box. HEHIS (orange) and HEHIL (red) sequences represent HEHI
pre-mRNA isoforms. b The HEHI gene was mutated by site-directed mutagenesis,
sequentially from left to right (except for the essential ‘G’ of the splicing donors),
and alternative selection was monitored by western blot. Hehl isoforms in wt yeast
are used as the reference for alternative splicing. Data shown as mean+s.d. (n=3
independent repeats). ¢ Analysis of pre-mRNA variants pairing with Ul snRNA
(brown), U5 snRNA (blue) and U6 snRNA (green) for both HEHIS and HEHIL is
tabulated. The mutants were analyzed for presumed pairings with U1, U5, and

U6 snRNAs, adapted from’ . Nucleotide changes are underlined. Western blot
lanes are taken from (b). The number in the left column shows the ID of the HEHI
variant. The changes for HEHIS and HEHIL are shown in curly brackets. Filled dots
show non-Watson-Crick pairing, standing lines represent Watson-Crick pairing,
upward arrows indicate the increase in U5 and U6 pairing compared to WT HEHIS
or HEHIL, downward arrows show the decrease in US and U6 pairing compared to
WT, and double upward arrows represent changes resulting in canonical 5'SS for
yeast (GUAUGU or GUAAGU). The underlined nucleotides show mutation sites. The
variants leading to premature stop codons, indicated by an asterisk, could be
analysed only by cDNA sequencing. The values on the right of the peaks indicate the
relative abundance of respective mRNA isoforms.

The Prp8-101 surface is critical for processing the ‘GC’ donor
Prp8 is reported to exist in two distinct conformations to maintain
equilibrium between the two catalytic steps of splicing; consequently,
two opposing alleles of Prp8 rescue splicing defects in one another®.
Among the three first-step alleles of Prp8 (101, syf77, and R1753K;
Supplementary Fig. 4c), only prp8-101 showed defective HEHI alter-
native splicing. Combining the second step Prp8 alleles, prp8-161 and
prp8-162, with prp8-101 did not restore the defects (Supplementary
Fig. 4d, e). Thus, the alternative splicing defects in the first-step Prp8
allele, prp8-101, could not be explained by the above mechanism.

In a pre-mRNA variant (#7), the upstream 5'SS/GCAUGU with ‘GC’
donor was preferred over the downstream /GUGAGU in wt, Ahubl,
Asnui7, Aecm2, and Aurnl strains (Fig. 4b and Supplementary Fig. 4b),
likely due to the stronger pairing of +4U with the ACAGA box of
U6 snRNA. However, the prp8-101 allele could not use this site. The
defect in prp8-101 was explored using the ACTI-CUPI splicing reporter
with a single 5SS*. The 5'SS/GCAUGU was used efficiently in all
mutants, except for Ahubl and prp8-101. C(+2)U-exchanged /GUAUGU
was efficiently used in all strains, including Ahubl and prp8-101 (Fig.
4c). Thus, the donor with +2C was poorly used in prp8-101 and Ahubl,
leading to the loss of alternative splicing. Similarly, splicing from
a+3C 5'SS variant /GUCUGU was defective in Ahubl, Asnu66, and
prp8-101 strains (Supplementary Fig. 4f). Thus, the Prp8-101 surface
promotes selection (and catalysis?) from non-canonical 5'SS contain-
ing +2C and +3C.

Specific competing 5'SS allow alternative splicing without the
regulatory proteins

Optimal decoding of competing 5’'SS by U5 and U6 snRNAs, together
with the use of ‘GC’ donor by Prp8, is the primary determinant of
alternative splicing. The process is facilitated by specific proteins of
the spliceosome. Thus, competing 5'SS with modified binding to the
snRNAs should allow alternative selection in the absence of the reg-
ulatory proteins. More pre-mRNA variants were assayed to identify
such 5'SS.

Two 5SS variants allowed alternative splicing not only in wt yeast
(Supplementary Fig. 2) but also in strains mutated for the regulatory
proteins (Fig. 4b and Supplementary Fig. 4b). U5 and U6 snRNAs’ base
pairing was recalibrated in #15 with two non-canonical 5'SS/GCAA/
GUAUAU. In contrast, 5'SS pairing with U6 snRNAs was strongest in
#18, containing two canonical 5'SS/GUAU/GUAUGU. The sites being
canonical were readily used without the need for the protein factors,
including the Prp8-101 surface. The efficient use of canonical 5SS in the
absence of the protein factors was further supported by HEHI-CUP1
reporters (Supplementary Fig. 4g-i).

Ecm2, Urnl, and the RES proteins bring the weaker 5’SS into
competition

HEHIS expression from /GCAA/GUAUAU 5'SS (#15) in cells lacking the
protein factors was intriguing, since the changes in this variant were
beyond the hexanucleotide /GCAAGU. The outcomes could be
explained by two possibilities: (i) weakening of the HEHIL 5'SS

/GUGAGU to /GUAUAU rebalanced the competition in favour of the
HEHIS site, or (ii) improved binding of +7A and +8U in /GCAAGUAU to
U6 snRNA nucleotides U46 and A45 favoured the HEHIS 5'SS. To study
these possibilities, alternative splicing reporters, HEHIS-CUPI and
HEH1L-CUP1, were made (Fig. 5b).

HEHIL 5'SS was weakened into /GUGAGA (#10; it also lacks
potential HEHIS-U6 pairing at +7 and +8 positions) or /GUAUAA (#20;
with enhanced U6 pairing at +7 and +8 positions of HEH1S) (Fig. 5a, c).
HEH1S 5'SS selection in Ahubl improved for reporters with enhanced
U6 pairing at +7 and +8 positions of the 5'SS, and the defect was
partially restored in the prp8-101 allele. The data confirmed the
importance of U6 snRNA’s U46 and A45 nucleotides for alternative
splicing discussed earlier in Fig. 3. The 5'SS selection in Asnul7, Aurni,
and Aecm2, on the other hand, was improved by both enhanced
U6 snRNA pairing to HEHIS and weakening the competition from
HEHIL (Fig. 5d). Thus, Hubl and Prp8 promote selection of 5'SS with
+2C by stabilising U5 and U6 snRNA on the target pre-mRNA. On the
contrary, Snul7, Urnl, and Ecm2 promote competition for the weaker
5'SS by stabilising SnRNA-pre-mRNA interactions.

The data presented support dominant roles of U5 and U6 snRNAs
and regulatory roles of B and Bact proteins for the selection of com-
peting 5'SS in HEHI pre-mRNA (Fig. 6).

Discussion

The competing 5'SS of yeast HEHI are decoded for alternative splicing
by U5 and U6 snRNAs during the B to Bact transition of the spliceo-
some. The mechanism is likely to be conserved for closely-placed 5'SS
in other eukaryotes. The ‘GC’ dinucleotide donor is found in nearly 1%
introns in human", and the trans-acting proteins supporting its selec-
tion in yeast are conserved across eukaryotes. At the B stage of the
spliceosome, U1 snRNA hands over the 5'SS to U6 snRNA via Prp28. The
ACAGA box of U6 base pairs with +3 to +6 nucleotides of the 5SS, and
U5 snRNA’s loop 1 base pairs with the upstream four nucleotides of the
exon®*, Besides its ACAGA box, the 45™ and 46™ nucleotides of
U6 snRNA played critical roles in alternative splicing through base
pairing with +7 and +8 positions of HEHI 5'SS. This observation
underlined the importance of +7 and +8 intronic nucleotides for the
first catalytic step reported earlier*s.

Strikingly, early splicing factors of Ul and U2 snRNPs were not
critical for HEHI alternative splicing, suggesting a normal recognition
of the intron. Instead, the two 5'SS were possibly handed over to U5
and U6 snRNAs differently, and their pairing strengths determined the
5’SS choice. Indeed, optimal pairing strengths of U5 and U6 snRNAs,
but not of UL snRNA, to the competing sites decided the choice of 5'SS.
Any deviations led to the loss of alternative splicing and resulted in the
production of the HEHI isoform, which exhibited improved
snRNAs-pre-mRNA interaction. U5 and U6 snRNA variants with rein-
forced pairing to the HEHIS site not only favoured its selection in wt
but also rescued the defects in yeast lacking the trans-acting proteins.
Furthermore, pre-mRNA variants with recalibrated U5 and U6 snRNA
pairing to the competing 5'SS were alternatively spliced in the absence
of the trans-acting proteins.
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Fig. 3 | Role of U5/U6 pairing to competing 5’SS. a The pairing of U5 snRNA and
its variant U5-{U(98)C} and U6 snRNA and its variant U6+{A(45)U,U(46)C} to HEHI
pre-mRNA. The snRNA variants were identified (Supplementary Fig 3a, b, e, f) by

mutagenesis of U5 Loop 1 and U6 ACAGA box. Nucleotide changes are underlined.
Upward/downward arrows refer to an increase/decrease in U5/U6 pairing strength
to HEHI isoforms. HEHI mRNA and proteins were assayed after overexpressing U5
and U6 snRNA variants under respective promoters and terminators from multi-

copy plasmids. b HEHI cDNAs from yeast strains overexpressing U5 and U6 snRNAs
and their variants were sequenced to monitor alternative 5'SS selection. Area under

the peak was integrated (similar to Fig. 1) to estimate the relative abundance of the
two mRNA isoforms. The values on the right of the peaks indicate the relative
abundance of respective mRNA isoforms. ¢ The expression of Hehl protein iso-
forms upon overexpression of U5 and U6 snRNA variants, monitored in different
mutants by western blots. Hehl isoforms in wt yeast (labelled as ‘Positive’) are used
as the reference for alternative splicing. Data shown as mean + s.d. (n=3 inde-
pendent replicates). Orange upward triangles indicate snRNA overexpression,
resulting in relatively higher amounts of HehlS protein in wt, and its rescue in the
mutant strains.
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Fig. 4| The protein factors are dispensable for alternative splicing from specific
5’SS variants. a Pairing of U5 and U6 snRNAs to HEHI WT pre-mRNA and its variants
#7 HEHIS*{A(+4)U} or HEHIL-{A(-1)U}; #15 {HEHIS*{G(+7)A,A(+8)U,G(+9)A} or
HEHIL-{G(+3)A A(+4)U,G(+5)A}; and #18 HEH1S+{C(+2)U,A(+4)U,G(+7)A,A(+8)U} or
HEHIL+{C(-3)U,A(-1)U,G(+3)A,A(+4)U}. Nucleotide changes are underlined.
Upward/downward arrows refer to an increase/decrease in US/U6 pairing strengths
to HEHI isoforms, and double upward arrows represent the yeast canonical 5'SS
(GUAUGU or GUAAGU). b Alternative splicing of HEHI variants #7, 15, and 18 was
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analyzed in the mutant strains by western blot. Partial rescue of HehlS in the prp8-
101 strain is shown in the dotted box. Data shown as mean =+ s.d. (n = 3 independent
repeats). ¢ ACTI-CUPI reporter with a single 5'SS was used to understand the
exclusive production of HehlS from #7 {A(+4)U}. US and U6 snRNAs pairing to
HEHIS 5'SS GCAAGU, GCAUGU, and GUAUGU were compared by growth at indi-
cated CuSO, concentrations (in mM), which correlates with their splicing efficiency.
The underlined nucleotides show changes compared to the HEHIS 5'SS GCAAGU.

The proteins critical for the alternative selection of HEHI 5'SS
reported earlier” and identified in this study are components of the
spliceosome B and Bact complexes. Importantly, alternative 5'SS of
HEH]1 is the first in vivo target of these proteins, including the prp8-101
allele, in S. cerevisiae. The proteins appear to facilitate alternative 5'SS
selection by stabilising the spliceosome in a low-fidelity, high-
efficiency conformation on the weaker site. Supporting this proposi-
tion, the Hubl-Snu66 complex enhances the selection of non-
canonical 5SS and promotes error-prone splicing”>*°. the RES com-
plex proteins Snul7, Budl3, and Urnl promote non-canonical
splicing**!, and the NTC subunit Ecm2 facilitates the selection of
non-canonical and competing 5'SS*>. The proteins seem to promote
competition for the alternative 5'SS in HEHI at the expense of the
dominant site. The selection HEHIS site needed these proteins, but in
their absence, the HEHIL site was chosen better, possibly due to the
loss of competition.

Hubl joins the spliceosome through non-covalent associations
with Prp5 and Snu66. The D22A surface of Hubl binds Snu66 in

multiple eukaryotes**°, Interestingly. the same Hubl surface binds
MFAP1 (Spp381 in yeast) in the human B spliceosome****, The D21
residue of Hubl also interacts with the same surface of MFAP1*. An
additional RNA-binding surface of Hubl, comprising N7 and K13 resi-
dues, is reported to bind the 5’ exon at -3 and —4 positions in human
spliceosomes**, was also critical for HEHI alternative 5'SS selection.
Thus, Hubl may be recruited to the early B complex through Snu66-
HIND" and promotes alternative 5'SS selection, possibly after switch-
ing to the pre-mRNA and MFAP1 in the late B complex***,

The role of U4/U6 proteins, Prp3, Prp6 and Prp31, in alternative
5'SS selection was revealed through proximity probing with Hubl.
These proteins surround the core Prp8 and undergo a major switch
during the conversion of pre-B to B. The 180° shift in Prp8’s RNaseH/
RH domain with the associated factors***® appears to be important for
the recognition of HEHI alternative 5'SS. Snu66 along with Prp3, Prp6
and Prp31 stabilise U4/U6 binding and prevent premature Brr2 helicase
activity®”*S, Prp38, Snu23, and Spp381 (also called B complex proteins
or BCP) form a module that interacts with Prp8 and positions Brr2
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Fig. 5| 5SS competition versus U6 snRNA pairing. a Pairing of U6 snRNA with
HEH1 WT pre-mRNA, variant #10 HEH1S+{U(+10)A} or HEHIL-{U(+6)A}; #15
{HEHIS*{G(+7)A,A(+8)U,G(+9)A} or HEHIL*{G(+3)A,A(+4)U,G(+5)A}; and #20
{HEHIS*{G(+7)A,A(+8)U,G(+9)A,U(+10)A} or HEHIL*{G(+3)A,A(+4)U,G(+5)A,U(+6)
A}. Upward/downward arrows indicate an increase/decrease in U6 pairings and
competition between the two 5’SS. Nucleotide changes are underlined.

b HEHI-CUPI alternative splicing reporters made by replacing the ACTI part with
the HEHI segment in the ACTI-CUPI reporter. The HEHI segment used for
HEH1S-CUPI was 1874-2095 and for HEHIL-CUP1 1874-2094. In HEHIS-CUPI,

0 03 06 0912 0 03 0.6 0912

HEH1S mRNA is in frame with CUPI, and in HEHIL-CUP1, HEHIL mRNA is in frame
with CUPI. ¢ Reporter activities were tested at different CuSO4 concentrations. The
left-pointed triangle denotes the HEHIL-abolished 5'SS in #10 and the HEHIL-wea-
kened site in #20. Mutated HEHIL 5'SS do not compete with the HEHIS site. d The
HEH1S-CUPI reporter variants were tested for their splicing efficiency by yeast
growth at different CuSO,4 concentrations. Loss of competition restored splicing
from HEHIS 5'SS in snul7, ecm2 and urnl mutants, but not in hubl and prp8-101
mutants. Gain of U6 snRNA pairing at +7 and +8 positions of HEHIS 5'SS restored
splicing defects, fully in most mutant strains and partially in prp8-101.

Early-B spliceosome

HEH1S pre-mRNA

Fig. 6 | Plausible mechanism of HEHI alternative 5'SS selection. The schematics
show changes from B to Bact complex during selection of the alternative HEHI 5'SS.
Snu66 escorts Hubl to the 5’ exon in the early B complex, and hands over to the
Spp381/MFAP1 (a subunit of the Prp38 complex)*>** in the late B complex. Thus,
Hubl binding to Snu66 and Spp381/MFAP1 may be mutually exclusive. Hubl also
binds RNA at the 5’ exon near the exon-intron boundary. The tri-snRNP factors

Late-B spliceosome

AUACAGA

Bact spliceosome

U6 snRNA

U5 snRNA

Prp6, Prp3 and Prp31 are present throughout the B complex. They likely stabilise
the U4/U6 snRNA duplex and prevent its premature unwinding’®. Prp8 is converted
from a partially open conformation to a closed state during the transition from B to
Bact states®®”>. The changes in the Prp8 RH domain, during B-hairpin to loop
conformation, orchestrate the release of tri-snRNP factors and incorporation of
NTC into the spliceosome®*”.

helicase for the unwinding of U4/U6 RNA duplexes, resulting in
the release of Snu66, Prp3, Prp6, Prp31 and U4 snRNP. Moreover,
the NTC protein gets incorporated into the B complex, which triggers
the release of BCP’, U6 snRNA forms new interactions with
U2 snRNA, assembling the catalytic core. The NTC protein Ecm2 and
the RES complex proteins are associated with the Bact complex,
highlighting the role of the RES in the remodelling of Bact via Prp2.
The RES complex leaves the spliceosome during Bact to B*
conversion®>®.,

Among the fourteen Prp8 alleles®® tested here, the prp8-101
(E1960K) mutant®, which lies in the RH domain, was defective in
selecting the alternative 5'SS. The RH domain toggles between transi-
tional and catalytic conformations®. It remains in a partially closed
conformation until the B complex and promotes splicing fidelity over
efficiency. Prp8’s first-step alleles®® and Prp38°® have been shown to
stabilise the high-fidelity conformation. The marking of the pre-mRNA
target by the snRNAs in the B complex induces U4/U6 snRNA
unwinding and concomitant U2/U6 snRNA pairing in the Bact
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complex®. The RH domain switches to a completely closed con-
formation in the Bact complex®®** and positions the target pre-mRNA
for first-step catalysis. The switch may define the branching site for the
first catalytic step for the +2C-containing HEHI 5'SS in the B* complex,
likely with the help of the Prp8-101 surface. The defective splicing in
prp8-101 from +2C and +3C containing 5'SS suggests a high-fidelity,
low-efficiency nature of this mutant, and the role of Prp8 in selection
(or catalysis) of +2C and +3C containing 5'SS. In contrast to the full
rescue of HEHI alternative splicing observed upon overexpression of
U5 and U6 snRNA variants in the deletion of other splicing proteins, the
partial rescue of prp8-101 defects points to a potential role of this
Prp8 surface in catalysis from the ‘GC” donor.

In conclusion, yeast HEHI/SRCI pre-mRNA is an important substrate
for studying alternative splicing through competing 5'SS. RNA-RNA
interactions are central to alternative splicing through competing 5'SS,
but early recognition factors are dispensable for the selection of the
closely-spaced 5'SS. Evidences presented here, along with the literature,
support a plausible mechanism of alternative 5'SS selection in the B and
Bact spliceosomes orchestrated by U5 and U6 snRNAs as the primary
determinants and not the UlsnRNPs. Splicing factors promoting selec-
tion of weak 5SS, reported previously (Hubl, Snu66, Prp38, Prp8), and
identified in this study (the B complex proteins Prp3, Prp6, Prp31, and
Snu66; the RES complex subunits Bud13, Snul7, Pmll and Urnl, and the
NTC complex Ecm2) function through the B or Bact spliceosomes. U5
and U6 snRNAs are essential components of both these assemblies. With
the help of the trans-acting proteins, U5 and U6 snRNAs pair with the
target pre-mRNA for alternative 5'SS selection and catalysis.

Methods

Reagents

All the reagents and software used in the study are listed in Supple-
mentary Table 1.

Plasmids, S. cerevisiae strains, yeast transformation and
growth assays

Plasmids and strains used in this study are listed in Supplementary
Tables 2, 3, respectively. The yJU75 yeast strain, plasmids PRP8 and
prp8-101, and ACTI-CUPI reporter were kind gifts from C. Guthrie and
M. Konarska’s lab. Prp8 mutant strains were made by shuffling out the
Ura+ PRP8 wild-type plasmid with the Trp+ prp8 mutants on
S-fluoroorotic acid (FOA) plates. The S. cerevisiae deletion strains of
splicing factors were obtained from the Euroscarf haploid deletion
library. Competent cell preparation and transformation were per-
formed following previously published protocols.®®**°. Chromosomal
tagging for western blot, double knockout strains for genetic interac-
tions, and splicing factors deletion in the yJU75 background were made
by using the reported protocol.®®*’. Protein overexpression was
achieved by expressing clones under a strong gal promoter. For
growth/spot assays, fivefold serial dilutions of cells were spotted on
the indicated agar plates, and plates were incubated at the tempera-
tures indicated in the figure.

Chromosomal fusion of hub1-D22A to the C-termini of splicing
factors

Splicing by overlap extension (SOE) PCR was done to make hub1(D22A)
C-terminal fusion to essential splicing factors. This fusion was done
based on the published protocol®. Three sets of primers were used to
amplify three fragments. First set of primers amplified a 200-300 bp
fragment of the C termini of the desired gene, excluding the stop
codon. The reverse primer of this had an overhang of 20-25 bps that
was complementary to the 20-25 bps of hub1(D22A) N-terminus. The
second set of primers amplified the full-length hub1(D22A) with the Nat
antibiotic selection marker cassette from the plasmid clones of pFA6a-
hubl(D22A)-natNT2. The third set of primers amplified a fragment of
200-300 bp from the stop codon of the gene that was going to be

tagged. The forward primer for this had an overhang of 20-25 bp with
the end of the antibiotic-resistance marker. All three fragments were
amplified using Vent DNA polymerase. These fragments were con-
firmed based on their size on the agarose gel, and the correct frag-
ments were gel-purified. All three fragments were mixed and joined by
SOE PCR using Vent DNA polymerase using the forward primer of the
first fragment and the reverse primer of the third fragment. The joined
fragment was confirmed by agarose gel electrophoresis and trans-
formed into the S. cerevisiae strain. The transformants were selected
on agar plates with an antibiotic. The chromosomal fusion was con-
firmed by colony PCR using a forward primer specific to the gene and a
reverse primer specific to the antibiotic cassette.

Splicing reporters

The splicing reporters used in this study are listed in Supplementary
Table 4. Splicing reporters are modified forms of the conventional
ACTI-CUPI*® and RPSI-LACZ*’. The HEHIS-CUPI reporters have a
121 bp segment of the S. cerevisiae HEHI gene (1874-2095 nucleotides),
including the intron, using BamHI and Kpnl restriction sites. The HEHIS
mRNA is spliced using GCAAGU 5SS, generating in-frame CUPI mRNA
for translation. The methionine initiation codon was introduced by
inserting a point mutation at C1881G. Initiation codon and variants of
the 5'SS were made by site-directed mutagenesis (SDM) using specific
primers, and the change was confirmed using Sanger sequencing. For
HEH1L-CUPI reporter, a 120 bp segment of the HEHI gene (1874-2094
nucleotides) was used to bring the HEHIL mRNA spliced using
GUGAGU 5SS in-frame with the CUPI gene. For reporter assays, com-
petent cells from the S. cerevisiae strain yJU75 were transformed with
the reporters, and transformants were selected in media lacking leu-
cine. 1 ODggo cells were spotted on solid media with different con-
centrations of CuSO,. The plates were incubated for 2-3 days at 30 °C.
Similarly, for HEH1-LACZ reporters, the RPSI part of the RP5SI-LACZ
reporter (gift from M. Rosbash) was replaced with a HEHI fragment of
399 bp (1792-2191 nucleotides) and 398 bp (1792-2190 nucleotides) to
obtain HEHIS-LACZ and HEHIL-LACZ reporters, respectively.

B-galactosidase assay

B-galactosidase activity was observed on both solid and liquid media.
The X-gal overlay and the ONPG assay were performed by following
published protocols™.

RNA isolation and cDNA synthesis

RNA isolation and cDNA synthesis were done as described previously”.
Briefly, five ODgog cells in the log phase were harvested. Total RNA was
isolated by the hot acid phenol method using 15 mL phase lock tubes
for phase separation. Residual DNA was removed by treating RNA with
DNase I for 15 min at room temperature, followed by RNA clean-up
using a Zymo-Spin™ II column. cDNA synthesis from 2 pg total RNA
was done using reverse transcriptase (RT) and random-hexamer pri-
mers at 37 °C for 2 h. Splicing defects were monitored by detecting
intron-containing transcripts or post-splicing mature transcripts using
exonic primers across the intron and analysed by agarose gel elec-
trophoresis. For cDNA sequencing, five identical PCR reactions were
performed. The PCR products were pooled and kept overnight for
precipitation after adding 2.5 times the volume of isopropanol and 1/
10th the volume of 3 M sodium acetate at —20 °C. DNA was pelleted by
centrifugation for 15 min at 4 °C at maximum speed. The pellet was
washed twice with 70% ethanol. Dried pellets were dissolved in 30 pl of
nuclease-free water, and 10 pl of the DNA was sequenced by Sanger
sequencing using a primer nested inside the forward primer used in
amplification.

Quantification of HEHI mRNA isoforms
HEH]1 alternative splicing was analysed using RT-PCR followed by cDNA
sequencing. We have two sets of primers. To check the splicing defect,
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we have used the F1 and R1 primers. We have cut the mRNA band (the
lower one) and gel-purified it. We have used F2, which is nested in the
F1 primer and R1, for reamplifying the mRNA band. We did ethanol
precipitation of the PCR product and sent it for Sanger sequencing
using the F2 primer. The primer sequences are listed in Supplementary
Table 5.

HEHIS and HEHIL mRNAs differ in GCAA nucleotides at their exon
junctions (HEHL gains them due to the usage of downstream 5'SS), the
electropherogram shows mixed peaks corresponding to the two iso-
forms after the exon-exon junction. The area under the peaks was
integrated to find the relative abundance of the two mRNAs. Both
common and isoform-specific peaks were analysed within the region
corresponding to the 5exon/intron boundary. To understand alter-
native 5'SS usage, common nucleotides after the junction in the two
isoforms were excluded from further analysis. For each site, we
recorded the nucleotide proportions possible for both the cDNAs and
calculated the ratio between the two nucleotides, normalising their
combined total to 100%. The average value of both forms is directly
related to their respective 5'SS usage.

Relative expression of HEHIL in wild-type and yeast mutants was
obtained from the cDNA electropherogram. The areas under ten
common and ten mixed peaks (before and after the junction, respec-
tively), were integrated and averaged. Similarly, an area under the
peaks specific to HEHIL was integrated and averaged. The ratio of
common and HEHL peaks for different strains was obtained. The fold
difference in HEHIL expression in the mutants was calculated against
the wild-type strain by dividing the average of the area under HEHIL
peaks (after the junction) by the average of the area under common
peaks (before the junction).

Western blots
For protein western blots (immunoblotting), logarithmically growing
cells equivalent to 2 ODg¢oo were harvested. Whole protein was
extracted using the trichloroacetic acid (TCA) method®®. Total proteins
used for Western blots were denatured by heating cells in a high-urea
buffer at 65 °C for 15min and then centrifuged. The soluble protein
was separated on sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) 8% gels, or NUPAGE™ 4-12% Bis-Tris gels
(Invitrogen), transferred to a polyvinylidene difluoride (PVDF) mem-
brane, and probed with specific primary and secondary antibodies.
Protein bands were quantified using ImageJ following the published
method”.

Further information on experimental design is available in the
Nature Research Reporting Summary linked to this article.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon request. The raw data underlying the
figures and Supplementary Figs. are provided as a source Data file.
Standard deviation, bar graph, and electropherogram values are also
included within the Source Data file. A.K.B. or S.K.M. may be contacted
for additional details on the protocols that support the findings of this
study. Source data are provided with this paper.
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