Biochemical and genetic evidence supports Fyvé as a
second-step splicing factor in Saccharomyces cerevisiae
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ABSTRACT

Precursor mRNA (pre-mRNA\) splicing is an essential process for gene expression in eukaryotes catalyzed by the spliceo-
some in two transesterification steps. The spliceosome is a large, highly dynamic complex composed of five small nuclear
RNAs and dozens of proteins, some of which are needed throughout the splicing reaction while others only act during spe-
cific stages. The human protein FAM192A was recently proposed to be a splicing factor that functions during the second
transesterification step, exon ligation, based on analysis of cryo-electron microscopy (cryo-EM) density. It was also pro-
posed that Fyvé might be the Saccharomyces cerevisiae functional and structural homolog of FAM192A; however, no bio-
chemical or genetic data has been reported to support this hypothesis. Herein, we show that Fyvé is a splicing factor and
acts during exon ligation. Deletion of FYV6 results in genetic interactions with the essential splicing factors Prp8, Prp16,
and Prp22 and decreases splicing in vivo of reporter genes harboring intron substitutions that limit the rate of exon liga-
tion. When splicing is assayed in vitro, whole-cell extracts lacking Fyvé accumulate first-step products and exhibit a defect
in exon ligation. Moreover, loss of Fyvé causes a change in 3’ splice site (SS) selection in both a reporter gene and the en-
dogenous SUS1 transcript in vivo. Together, these data suggest that Fyvé is a component of the yeast spliceosome that
influences 3’ SS usage and the potential homolog of human FAM192A.
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INTRODUCTION ceosome B* to the C complex, and exon ligation occurs
during the transition between the C* and P (product) com-
plexes. While some components of the spliceosome re-
main part of the machine throughout the reaction, others
transiently associate, dissociate, or rearrange to interact
with the catalytic site only at specific times. Just prior to
5" SS cleavage, the first-step factors (Cwc25, Isy1, and
Yju2) function to juxtapose the 5 SS and branch site (BS)
(Villa and Guthrie 2005; Liu et al. 2007a; Chiu et al. 2009;
Wan et al. 2019; Wilkinson et al. 2021). Cwc25 and Isy1
are thenreleased after 5’ SS cleavage, and second-step fac-
tors bind (Slu7, Prp18) or are repositioned (Prp17) to facili-
tate exon ligation (James et al. 2002; Ohrt et al. 2013; Fica
et al. 2017; Yan et al. 2017; Plaschka et al. 2019). Proper
progression through splicing requires the coordinated as-
sociation and dissociation of these first- and second-step
factors with the active site and these transitions are en-
abled, in part, by ATP-dependent DExD/H-box helicases.
The ATPase Prp1é promotes rearrangement of the

The removal of introns from precursor mRNA (pre-mRNA)
moleculesis carried out by the spliceosome, a large macro-
molecular complex made up of five small nuclear RNAs
(snRNAs) and dozens of proteins which assemble de novo
on each pre-mRNA substrate. Splicing consists of two,
stepwise transesterification reactions in which the 5 splice
site (5’ SS; the boundary between the 5’ exon and the in-
tron) is first cleaved by the formation of a lariat intron (first
step) and then the intron is released concomitant with
exon ligation by attack of the 5" exon at the 3’ SS (second
step). Spliceosome composition changes dramatically
throughout the course of splicing due to the sequential ar-
rivals and departures of different components as well as
large-scale conformational changes (Plaschka et al. 2019).
This results in the formation of several intermediate com-
plexes with distinct architectures during the reaction,
many of which have now been visualized by cryo-electron
microscopy (cryo-EM) (Plaschka et al. 2019). Cleavage of

the 5’ SS is completed during the transition from the spli- S S ]
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Fyvé is a yeast splicing factor

spliceosome active site and splicing factor release between
the first and second step of splicing (Schwer and Guthrie
1992; Semlow et al. 2016), while Prp22 promotes release
of the MRNA product from the spliceosome after exon liga-
tion (Wagner et al. 1998; Schwer 2008).

Recently, a putative new second-step factor (FAM192A
or PIP30) was identified for the human spliceosome. The
protein was found by fitting unassigned density present
in cryo-EM maps of spliceosomes transitioning between
conformations competent for the first or second steps
(Zhan et al. 2022). Depletion of FAM192A from human nu-
clear extracts reduced in vitro splicing, but adding purified
protein back did not restore this activity, potentially due to

A

the simultaneous depletion of other, unidentified splicing
factors (Zhan et al. 2022). Consequently, its role in splicing
is still poorly defined.

Interestingly, Zhan et al. also identified a potential
FAM192A homolog, Fyvé (function required for yeast via-
bility 6), in Saccharomyces cerevisiae (hereafter, yeast) de-
spite having <20% sequence identity (Fig. 1A). (It should be
noted, however, that this level of sequence identity is sim-
ilar to that between yeast and human homologs of the oth-
er second-step factors Slu7 and Prp18.) The predicted
AlphaFold structure of Fyvé (Jumper et al. 2021) was able
to be modeled as three o-helices into unassigned EM den-
sity from yeast C* spliceosome complexes previously

Fyvé 1 MSSTSDNNANSAREKKPLKFVSEGVGNVEAQRIREQVEQKKYEAEYKRKTRKSLRDQLRSNAISKQKQYNGL 72
FAM192A 1 MDGGDDGNLIIKKRFVSEAELDERRKRRQEEWEKVRKPEDPEECPEEVYDPRSLYERLQEQKDRKQQOEYEEQ 72
* * % . . * . . . . . * . - %%k R . dkhk o oKk .

Fyv6 73 VRDRESFTRL---------—- SKEDLEFYQKSKNELLKKEKELNNYLDVKAINFEKKKK---ALLMENDST- 129
FAM192A 73 FKFKNMVRGEDEDETNFLDEV&RQQELIEKQRREEE&§ELEEYRQN&KKVG£SQEN§§EVEKK&TVKPIEEK 144

Fyvé 130 --TNTEKYLETGTSLGSKTQIK---------—--

——————————————————— GVKTSSPKPKIKV------- 162

FAM192A 145 NKFSQA&L&AGAVKHK§SESGNSVKRLKPDPEPDDKNQEPSSCKSLGNTSLSEPSIHCESAAVCIGILPGLG 216

Fyvé 163 ——---m—mmmm S-——-———-——- IKKLGRKLEN- 173
FAM192A 217 AYSGSSDSESSSDSEGTINATGKIVSSIFRTNTFLEAP 254
. * - * %

FIGURE 1. Sequence alignment of Fyvé with FAM192 and unassigned EM density in yeast spliceosome structures. (A) Sequence-based align-
ment of S. cerevisiae Fyv6 and human FAM192A using EMBOSS Needle (Needleman and Wunsch 1970). (B,C) Superposition of the atomic mod-
els for the spliceosome C* (panel B, 5SMQQ) and P (panel C, 6BK8) complexes with the unassigned EM density shown in blue spacefill. The three
putative Fyvé o helices identified by Zhan and coworkers are annotated next to the corresponding EM density in panel B. Images were prepared
using ChimeraX (Pettersen et al. 2021). (D) Impact of fyvéA on yeast growth at various temperatures. Plates were imaged on the days shown.
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labeled as unknown protein X (Fig. 1B; o.1-3 labeled as in
Zhan et al. 2022). Prior to this work, Fyvé had been detect-
ed by mass spectrometry analysis of purified B** and C
complex spliceosomes (Fabrizio et al. 2009; Warkocki
et al. 2009) as well as postulated to be responsible for un-
assigned density in a cryo-EM structure of a yeast P com-
plex spliceosome (referred to as UNK in that structure,
Fig. 1C; Liu et al. 2017). In both the C* and P complex spli-
ceosomes, the unassigned EM density is located in a posi-
tion that could significantly impact splicing chemistry: in C*
the density contacts core splicing factors Cef1, Syf1, and
Prp8, while in P complex it contacts these factors in addition
to the lariat intron, Slu7, and Prp22 (Fig. 1; Supplemental
Fig. S1). The unassigned densities in the yeast cryo-EM
structures occupy positions on the spliceosome that are
very similar to the position of FAM192A in the human
pre-C* structures, which contacts the human homologs
of these splicing factors (Supplemental Movie S1). Togeth-
er, the combined cryo-EM and mass spectrometry data
hint at Fyvé functioning during splicing; however, no ge-
netic or biochemical evidence for this has been reported.

Fyvé is a poorly studied and nonessential yeast protein
originally identified in a screen for mutants sensitive to K1
killer toxin (Pagé et al. 2003). Since identification, Fyvé
has appeared in genetic screens for mutants with sensitivity
to heat (Auesukaree et al. 2009), calcineurin inhibitor
FK506 (Viladevall et al. 2004), and changes to cell size (Mai-
traetal. 2019). Fyvé is localized to the nucleus and has pre-
viously been proposed to play a role in nonhomologous
endjoining, butlittle is known about its function or interact-
ing partners (Wilson 2002; Huh et al. 2003). Here, we stud-
ied the function of Fyvé during splicing by probing genetic
interactions between Fyvé and the splicing factors Prp8,
Prp16, and Prp22. In addition, we assayed splicing in vivo
and in vitro by deleting FYV6 and showed that its loss inhib-
its exon ligation. Finally, we used both a reporter gene and
an endogenous transcript to examine how the loss of FYVé
impacts 3’ SS selection. Together, these data are consistent
with Fyvé functioning as a second-step splicing factor in
yeast.

RESULTS

Genetic interactions between Fyvé6 and Prp8 first
or second-step alleles

To examine a potential role for Fyvé in splicing, we deleted
FYV6 from the yeast genome, confirmed the deletion by
PCR (Supplemental Fig. S2), and assayed for genetic inter-
actions with known splicing factors. While FYVé is nones-
sential for yeast viability, its deletion does cause a slow
growth defect at 30°C and both cold and temperature sen-
sitivity (cs and ts) phenotypes at other temperatures (Fig.
1D). We first tested for genetic interactions with the essen-
tial spliceosome component Prp8. Prp8 is a central protein
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in the spliceosome that scaffolds the active site RNAs and
can impact equilibria between the intron branching and
exon ligation reactions through structural rearrangement
(Query and Konarska 2004; Fica and Nagai 2017). As
such, multiple alleles of Prp8 stabilize the spliceosome in ei-
ther the first- or second-step conformation at the expense
of the other state (Fig. 2A; Umen and Guthrie 1995a;
Schneider et al. 2004; Query and Konarska 2004; Liu et al.
2007b). Moreover, alleles of second-step factors Prp18
and Slu7 (prp18-1, slu7-1, slu7-ccss) are synthetically lethal
with a first-step allele of Prp8 (prp8-101 or Prp8&'7é%K)
(Umen and Guthrie 1995b), presumably since both alleles
work in concert to promote the first step or inhibit proper
progression to the second step. Since Fyvé, like Slu7 and
Prp18, is predicted to interact with Prp8 (Supplemental
Fig.S1), we expected that geneticinteractions should occur
between Fyvé and Prp8 if the former is also involved in
splicing.

Plasmid shuffle of a gene expressing Prp into a
fyvéA strain resulted in synthetic lethality even at the nor-
mally permissive temperature of 30°C (Fig. 2B). Synthetic
lethality was also observed for another first-step allele of
Prp8, prp8-R1753K (Fig. 2B). In contrast, when we shuffled
in a second-step allele, prp8-161 (Prp8P986T), we observed
suppression of the growth defect caused by fyvéA at both
30°C and 37°C (Fig. 2B,C). When the P986T and R1753K
mutations were combined, synthetic lethality was still ob-
served with fyvéA (Fig. 2B). These results are consistent
with Fyvé acting to promote the second step of splicing
and its deletion, fyvé4, promoting the first step. Combining
fyvéA with afirst-step Prp8 allele can be synthetically lethal
due to failure to properly transition to the second step,
while combining fyvéA with a second-step allele may im-
prove yeast growth by facilitating proper first-step/sec-
ond-step equilibrium.

8E‘I960K

Genetic interactions between Fyvé and Prp16
or Prp22

Prp8 first and second-step alleles, as well as first and sec-
ond-step allelesin U6 snRNA and Cef1, can also genetically
interact with mutants of the Prp16 or Prp22 ATPases that
promote the first to second-step transition or exit out of
the second step by product release, respectively (Fig. 2A;
Query and Konarska 2006, 2012; Eysmont et al. 2019).
Based on these observations, we next tested genetic inter-
actions between fyvé4 and Prp16 or Prp22 mutants that
may slow these conformational changes. Prp167¢%¢! |ikely
slows the first to second-step transition, leads to a c¢s phe-
notype at 16°C (Hotz and Schwer 1998), and is synthetically
lethal with first-step Prp8 alleles (Query and Konarska
2006). A yeast strain with fyvéA plus Prp167¢%¢' exacerbates
the cold sensitivity, resulting in almost no growth at 16°C
and reduced growth at 23°C compared to strains with ei-
ther allele alone (Fig. 2D). The combination of Prp1 6R68e!
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FIGURE 2. Genetic interactions between Fyvé and Prp8, Prp16, or Prp22. (A) Diagram of how
Prp8, Prp16, and Prp22 alleles impact the first and second steps of splicing. (B) Alleles of Prp8
were combined with fyvéA in Prp8 shuffle strains and grown on —Trp or —Trp + 5-FOA plates.
Yeast growth was imaged after 3 d at 30°C. (C) Prp8F78¢T/fyvé4 strains were tested for suppres-
sion or exacerbation of temperature-dependent growth phenotypes. (D,E) Alleles of Prp16
and Prp22 were combined with fyvéA and tested for suppression or exacerbation of temper-
ature-dependent growth phenotypes. For panels C-E, yeast were plated on YPD and imaged

after 3 (30°C), 4 (23°C and 37°C), or 10 (16°C) days.

with fyvéA also results in reduced growth at 30°C and is syn-
thetic lethal at 37°C. Both fyvé4 and first-step Prp8 alleles
interact negatively with the Prp167¢%¢' ATPase.

The Prp2273’* mutant uncouples ATP hydrolysis from
RNA unwinding (Schwer and Meszaros 2000), likely per-
turbing the transition out of the second-step conformation
and product release. Prp227*"*is also a cs allele and does
not grow at 16°C or 23°C (Fig. 2E; Schwer and Meszaros
2000) and is synthetically lethal with second-step alleles
of Cefl (Query and Konarska 2012). When Prp227¢3/4
and fyvéA were combined, we did not observe any sup-

2nd step ] > MRNA

pression of the cs phenotype of
Prp227437A or the cs/ts phenotype of
fyv6A (Fig. 2E). Prp2273"4/fyvéA yeast
were viable at 30°C but grew more
slowly than strains containing only a
single allele. The genetic interactions
with Prp227¢37% are difficult to inter-
pret as one could expect destabiliza-
tion of the second-step conformation
by fyvéA to suppress defects in
mMRNA release from Prp227¢37A. Alter-
natively, slowed product release by
Prp2273A could favor a longer life-
time of the exon ligation conformation
and suppression of defects caused by
fyvéA. The genetic and potential phys-
ical interactions between Fyvé and
Prp22 need further study to disentan-
gle how the proteins are influencing
these steps collaboratively or not.

release

Impact of fyvé4 on yeast growth
using the ACT1-CUP1 splicing
reporter assay

If Fyvé6 is a component of the splicing
machinery as the genetic interactions
suggest, we would also predict chang-
es in in vivo splicing in the absence of
the protein. To test this, we used the
ACT1-CUP1 reporter assay in which
changes in the splicing of the reporter
pre-mRNA (Fig. 3A) confer proportion-
al changes in the copper tolerance of a
sensitized yeast strain with increased
splicing efficiency leading to growth
at higher copper concentrations (Less-
er and Guthrie 1993). Since yeast lack-
ing Fvy6 grow more slowly than WT
even under optimal growth conditions
(Fig. 1D, for example) we scored WT
yeast growth on Cu®*-containing
plates after 48 h but fyvéA yeast were
scored after 72 h. Consistent with the
slow growth and with a function of Fyvé during splicing,
we observed slightly reduced copper tolerance for even
the WT ACT1-CUP1 reporter in the fyvéA strain (Fig. 3B,C).

We also tested several ACT1-CUP1 reporters containing
substitutions in the 5’ (U2A, A3C, and A3U) or 3’ SS (UuG
and gAQG) or the BS (A258U, BSG, and BSC) (Fig. 3A) to
determine if loss of Fyvé is especially detrimental or bene-
ficial to introns with nonconsensus sequences. This set of
reporters includes those that are limiting for the first step
(A258U), those that accumulate lariat intermediates due
to being limiting for the second step (U2A, A3C, BSG,

www.rnajournal.org 1795
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FIGURE 3. Impact of FYV6 deletion on yeast copper tolerance using
the ACT1-CUP1 assay. (A) Schematic of the WT ACT1-CUP1 reporter
along with intronic substitutions. (B) Images of representative yeast
growth on copper-containing media shown after 48 (WT) or 72 h
(fyvé4) for strains containing the indicated ACT1-CUP1 reporters.
(C) Maximum copper tolerances observed for each strain for N = 3 rep-
licates (dots). Bars represent the average values.

UuG, and gAG), and those that are limiting for both steps of
splicing (BSC) (Lesser and Guthrie 1993; Liu et al. 2007b).
Previous work has shown that first-step alleles of Prp8 result
in reduced copper tolerance and fewer ligated mRNA
products with the U2A, A3C, BSC, BSG, UuG, and gAG re-
porters and that second-step alleles of Prp8 or Cefl im-
prove copper tolerance of yeast with the U2A, BSC, BSG,
UuG, and gAG reporters (Liu et al. 2007b; Query and
Konarska 2012). We would predict, therefore, that if fyvéA
is a first-step allele we should see reduced copper toler-
ance of reporters limiting for the second step of splicing,
similar to those in Prp8.

1796 RNA (2023) Vol. 29, No. 11

When we tested this prediction, we found that copper
tolerance was similar between WT and fyvé4 yeast contain-
ing reporters with the A3C, UuG, A258U, and BSC substitu-
tions. However, strains containing A3U, BSG, and gAG
reporters exhibited less tolerance to copper than WT
(Fig. 3B,C), suggesting poorer splicing of pre-mRNAs
with these substitutions. We conclude that loss of Fyvé re-
sultsin a subset of changes in copper tolerance akin to first-
step alleles of Prp8 and is consistent with Fyvé supporting
the second step when present.

While the strongest effects in the ACT1-CUP1 assay
support the involvement of Fyvé in the second step, it
should be noted that we also observed a slight increase
in copper tolerance in the presence of U2A (Fig. 3B,C).
The U2A reporter is a 5 SS mutant but is not limiting for
the first step as it can readily accumulate lariat intermedi-
ates that can be discarded from the spliceosome (Liu
et al. 2007b). This suggests that it is defective for the tran-
sition to the second step or the second step itself. As de-
scribed in the preceding paragraph, second-step alleles
of Prp8 also increase the copper tolerance of yeast with
the U2A reporter (Liu et al. 2007b). This could mean that
fyvéA can, at least in this case of U2A, provide some sup-
port for the second step as well.

First-step products accumulate in the absence
of Fyvé in vitro

We next tested if Fyvé plays a role in exon ligation using in
vitro splicing assays with whole-cell extracts (WCEs) made
from either WT or fyvéA yeast. Splicing extracts made from
the same yeast strains used in the ACT1-CUP1 assays show
accumulation of first-step products and decreased second-
step efficiency in the absence of Fyvé (Fig. 4). Interestingly,
this effect was less pronounced when the BJ2168 prote-
ase-deficient yeast strain commonly used to prepare
WCEs was used (Supplemental Fig. S3). This strain also dis-
played less cold sensitivity at 23°C (close to the tempera-
ture at which in vitro splicing assays are conducted) than
the cup14 strains when FYV6 was deleted (Supplemental
Fig. S3A). This suggests that the strength of some fyvéA
phenotypes may be strain dependent.

Loss of Fyv6 changes 3’ SS selection

Since both Prp18 and Slu7 can change 3’ SS selection
(Frank and Guthrie 1992; Kawashima et al. 2009, 2014)
and Slu7 contacts the unassigned density attributed to
Fyvé (Fig. 1B,C), we tested whether or not loss of Fyvé
can also change splicing outcomes. We utilized an ACT1-
CUP1 reporter containing an additional, alternative 3’ SS
proximal to the BS which results in a frameshift when
used instead of the distal 3’ SS (Fig. 5A). Previous studies
with this reporter showed that use of the proximal 3" SS
greatly increases in the presence of the slu7-1 allele with
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FIGURE 4. Accumulation of splicing intermediates occurs in the ab-
sence of Fyvé in in vitro splicing assays. (A) Products of the firstand sec-
ond steps afterincubation of a radioactively labeled RP51A pre-mRNA
(lane 1) in WCE from cuplA strains (yAAH0434 and yAAH3353,
Supplemental Table 1) for 45 min (lanes 2,3). Quantitation of (B) lariat
intermediates or (C) Second-step splicing efficiency from three repli-
cates. Statistical significance was determined by unpaired Welch's
two-tailed t-test (P=0.006415 and 0.01788 for fraction of lariat inter-
mediate and second-step efficiency, respectively). The fraction of
the lariat intermediate represents the fraction of that species relative
to the substrate and all splicing products while the second-step effi-
ciency represents the fraction of mRNA relative to the sum of first-
and second-step products (lariat intermediate plus mMRNA). Details
for calculations can be found in the Materials and Methods.

an ~20-fold change in the ratio of MRNAs produced using
the proximal versus distal sites (Frank and Guthrie 1992). In-
deed, when thisreporter was used, we observedthe largest
differences in copper tolerance (Fig. 5B). To confirm that
this change in survival was due to a change in 3’ SS usage
and use of the proximal SS, we isolated RNAs from the yeast
strains and quantified SS usage by primer extension. These
results showed an increase in the use of the proximal SS and
an approximately fivefold increase in the ratio of mRNAs
produced using the proximal versus distal sites (Fig. 5C,
D). Moreover, these data suggest that Fyvé, like Slu7, helps
to enforce a preference for BS distal 3’ SS. However, one
limitation of our studies is that we have not mapped the
BS used in the absence of Fyv6 and cannot completely ex-
clude the possibility of an upstream, cryptic BS in the ACT1
intron (Kao et al. 2021) driving usage of the proximal 3’ SS.
Nonetheless, we believe that this is less likely than a
change in the second-step reaction itself given our in vitro
data (Fig. 4).

Finally, we examined if the loss of Fyvé impacts the splic-
ing of endogenous yeast transcripts in vivo. Given its sensi-
tivity to perturbations in the splicing machinery (Hossain
et al. 2009; Cuenca-Bono et al. 2011; Hossain et al.
2011), we examined SUS1 splicing—one of the rare genes
in yeast with two introns. We performed RT-PCR on RNA
extracted from strains that either contained (WT) or lacked
FYV6 and additionally were upf1A to prevent nonsense-
mediated decay (NMD) of unspliced or alternatively spliced
transcripts (Sayani et al. 2008). In the case of the WT upfi1A
yeast, we observed products for unspliced, partially spliced
(one of two introns removed), and fully spliced mRNA. The

fyvéA strain has these same products present in the WT
strain as well as a product that is slightly larger than the fully
spliced mRNA (Fig. 6A). This larger product was also seen
upon RT-PCR of SUST in the BJ2168 fyvéA strain
(Supplemental Fig. S3E). The appearance of the new
band was the biggest change in splicing of SUST upon
FYV6 deletion (Fig. 6B). We sequenced this product and
determined that it results from the use of an alternative
3" SS in the first intron of SUST that, to our knowledge,
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5'SS BS Distal 3' SS
1 259 303
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FIGURE 5. Loss of Fyvé6 changes 3’ SS selection in yeast. (A)
Schematic of the 3’ SS competition reporter (3’ SS comp) showing rel-
ative locations of the proximal and distal sites. (B) Images of represen-
tative yeast growth on copper-containing media shown after 48 (WT)
or 72 h (fyvé4) for strains containing the 3’ SS comp ACT1-CUP1 re-
porter. (C) Maximum copper tolerances observed for each strain for
N=3 replicates (dots). Bars represent the average values. (D)
Representative primer extension analysis of mMRNAs generated by
yeast using the distal (NRNAp) or proximal (NRNAg) 3’ SS in the pres-
ence (WT) or absence of Fyvé (fyvé4). U6 snRNA was analyzed as a
loading control. (E) Quantification of the primer extension results
from N =3 replicates (dots) expressed as a ratio of MRNAp/mRNAp.
Bars represent the average of the replicates £SD. Means between
the two experimental groups were compared with an unpaired
Welch's two-tailed t-test (P=0.04262).

www.rnajournal.org 1797


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079607.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079607.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079607.123/-/DC1

Lipinski et al.

A -RT +RT B , 1.0- proaches that probe protein—protein
WT fv6A  WT fyvéa g interactions to map the Fyvé binding
bp S 0.8 site.

400- i ; The results we obtained for the
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FIGURE 6. Loss of Fyvé results in the use of an alternative 3’ SSin SUST. (A) Representative gel
image of RT-PCR of SUST in strains with (WT) and without (fyvé4) Fyvé in a upf14 background.
(+RT reactions contain reverse transcriptase; —RT control reactions do not contain reverse tran-
scriptase). (B) Quantification of band intensities of each isoform as a fraction of the total SUS1
product in a lane. The bars indicate the average of three experiments with standard deviation.
(C) Portion of the Sanger sequencing chromatogram of the SUS1 splice variant identified as an
RT-PCR product in the fyvéA strain. The bar above the nucleotides indicates those from intron 1
included in the splice variant due to the use of an alternative 3’ SS. (D) Diagram of the SUST
gene structure with the BS adenosine and the two, alternative 3’ SS of intron 1 indicated.
The numbering of the nucleotides begins at the first nucleotide of intron 1. The newly identi-

fied 3’ SS is at position 60.

has not previously been reported (Fig. 6C,D). In this iso-
form, the last twenty nucleotides of intron 1 are retained,
and an intronic CAG located proximal to the BS is used as
the alternate 3’ SS. This new splice site is only 8 nt down-
stream from the BS adenosine (Fig. 6D). It is possible that
this transcript is normally degraded by NMD since it in-
cludes a premature termination codon 35 amino acids
into the coding sequence, and the corresponding isoform
was less prevalent by RT-PCR from the Upf1-containing
BJ2168 strain (Supplemental Fig. S3E).

DISCUSSION

Together, the genetic and biochemical data presented
here as well as the mass spectrometry and cryo-EM work
of others, indicate that yeast Fyvé is a second-step splicing
factorand likely isa component of the spliceosome. Our re-
sults do not, however, confirm that the unassigned EM
density present in yeast C* and P complex spliceosome
cryo-EM maps is due to Fyvé. Further work will be needed
to verify that this is indeed the case either through obtain-
ing higher resolution cryo-EM data or experimental ap-
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SS choice (Frank and Guthrie 1992;
Crotti et al. 2007; Kawashima et al.
2014; Semlow et al. 2016). Interesting-
ly, in strains lacking Fyvé, 3’ SS that
were within nine nucleotides of the
BS were used more frequently in
ACT1-CUP1 and SUST (Figs. 5, 6).
This resembles observations made
with Slu7, which is necessary for the
use of any splice sites that are >9 nt
downstream from the BS (Brys and
Schwer 1996). Structurally, Slu7 is po-
sitioned within the spliceosome in a
way that suggests that it could guide
distal 3’ SS into the correct location
(Fica et al. 2017; Wilkinson et al.
2017). In addition, Prp22 is important
for splicing when the 3’ SS is >20 nt
away from the BS (Schwer and Gross
1998). In the human spliceosome,
FAM192A is proximal to Prp22, Slu7, and the intron
(Supplemental Movie S1). This suggests that, as a potential
FAM192 homolog and in agreement with the unassigned
density in yeast spliceosomes (Fig. 1B,C), Fyvé6 could also
impact the second-step spliceosome conformation and/
or positioning of the intron either directly through contacts
with the intron or via interactions with Slu7 and Prp22.
Many outstanding questions remain about Fyvé func-
tion. We do not know when Fyvé associates or dissociates
from the spliceosome, whether it can function at stages
other than exon ligation, or the structural mechanism be-
hind itsinfluence on 3’ SS usage. Finally, since it seems like-
ly that Fyvé is the functional yeast homolog of human
FAM192Ain terms of pre-mRNA splicing, it will be worth in-
vestigating if other functions of FAM192A/Fyvé are con-
served in yeast. FAM192A also associates with the 20S
proteasome via interaction with PA28y, a 20S proteasome
regulator, for ubiquitin-independent protein degradation
within the nucleus (Jonik-Nowak et al. 2018). While yeast
lack an apparent homolog for PA28y (Jonik-Nowak et al.
2018), it may be interesting to determine if Fyvé is involved
in protein degradation and if there are any Fyvé6-depen-
dent links between proteostasis and pre-mRNA splicing.
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MATERIALS AND METHODS

Yeast strains and plasmids used in this study are described in
Supplemental Tables S1, S2. Yeast transformation, plasmid shuf-
fling/5-FOA selection, and growth were carried out using stan-
dard techniques and media (Sikorski and Boeke 1991; Treco
and Lundblad 1993).

Network analysis of potential Fyv6 interactions

Protein—protein and protein—RNA interactions found in the atom-
ic model for the P complex spliceosome (6BK8) were identified
using LouiseNET, and the resulting nodes and edges were plot-
ted as an undirected network model using GEPHI, as previously
described (Bastian et al. 2009; Kaur et al. 2022).

Deletion strain creation

The FYV6 and UPF1 genes were deleted through replacement
with a hygromycin or kanamycin resistance cassette, respectively,
by homologous recombination (see Supplemental Table S1;
Goldstein and McCusker 1999). Gene deletion was confirmed
by genomic DNA extraction from the strains and PCR amplifica-
tion of the corresponding genomic locus. Primers for FYVé were
Fyvé-check-fwd 5-TGGATCGAACACAGGACCTC-3' and Fyvé-
check-rev 5'-GTGGAACGAGCAATCAATGTGATC-3'. Primers for
UPF1 were Upf1-check-up 5'-CAGCCAACAAACGTTGAAGATTT
CATC-3' and Upf1-check-down 5-TTGCAGCGCTCATTTCACGG
TTGAGC-3'.

ACT1-CUP1 copper tolerance assays

Yeast strains expressing ACT1-CUP1 reporters were grown to sta-
tionary phase in —Leu DO media to maintain selection for plas-
mids, diluted to ODggo=0.5 in 10% (v/v) glycerol, and spotted
onto —Leu DO plates containing 0-2.5 mM CuSQO, (Lesser and
Guthrie 1993; Carrocci etal. 2018). Plates were scored and imaged
after 48 h of growth at 30°C for WT strains, and after 72 h of growth
at 30°C for fyvéA strains due to differential growth between strains.

Growth assays

For temperature-dependent growth assays, yeast strains were
grown overnight to stationary phase in YPD media, diluted to
OD¢0o = 0.5 in 10% (v/v) glycerol, and stamped onto YPD plates.
The plates were incubated at 16°C, 23°C, 30°C, or 37°C for the
number of days indicated in each figure before imaging.

For growth assays in the presence of 5-FOA, yeast strains were
grown overnight to stationary phase in —Trp DO media, diluted to
OD¢oo =0.5 in 10% (v/v) glycerol, and stamped onto —Trp and
—Trp +5-FOA plates. The plates were incubated at 30°C for 3 d
before imaging.

Primer extension

Cell cultures were inoculated from stationary phase saturated cul-
tures grown overnight in —Leu DO media. The cultures were then
grown until ODggo=0.6-0.8, and 10 ODgqp units were collected

by centrifugation. Total RNA was isolated from yeast, and contam-
inating DNA was depleted using the MasterPure Yeast RNA Puri-
fication Kit (Epicentre) protocol, with minor changes as previously
described (Carrocci et al. 2017). IR700 dye conjugated probes (In-
tegrated DNA Technologies) were used for primer extension of
the ACT1-CUP1 reporter (10 pmol yACé: /5IRD700/GGCACTCA
TGACCTTC) and U6 snRNA (2 pmol yUé: /5IRD700/GAACTGCT
GATCATGTCTG) (Carrocci et al. 2017; van der Feltz et al. 2021).
Primer extension products were visualized on a 7% (w/v) denatur-
ing polyacrylamide gel (42 cm x 22 ¢cm x 0.75 mm) run at 35W for
80 min at RT. Gels were imaged with an Amersham Typhoon NIR
laser scanner (Cytiva), and band intensities were quantified with
ImageJ (v1.53, 2022).

RT-PCR

Cell cultures were inoculated from stationary phase saturated cul-
tures grown overnight in YPD media. The cultures were then
grown until ODggp=0.7-0.9, and 1 mL of cells was collected by
centrifugation. Total RNA was isolated from yeast, and contami-
nating DNA was depleted using the MasterPure Yeast RNA Purifi-
cation Kit (Epicentre) protocol with minor changes as previously
described (Carrocci et al. 2017). RT-PCR reactions were set up us-
ing the Access RT-PCR System (Promega Corporation) protocol
with 75 ng RNA per 25 pl reaction. Primers used were SUS1-
exonl 5-TGGATACTGCGCAATTAAAGAGTC-3" and SUS1-
exon3 5-TCATTGTGTATCTACAATCTCTTCAAG-3'. Products of
the reaction were run on 2% (w/v) agarose-TBE gels and imaged.
Band intensities were quantified with ImageJ Software (v1.53,
2022) (Schindelin et al. 2015). In order to identify the sequences
of the reaction products, TOPO cloning (TOPO TA Cloning Kit,
Thermo Fisher) was used to insert the RT-PCR products into a vec-
tor, and the inserts were then Sanger sequenced.

Splicing assays

Splicing WCEs and [*?P]-labeled RP51A substrate pre-mRNAs
were prepared as previously described (Crawford et al. 2008).
Splicing assays were conducted at room temperature using 40%
(v/v) WCE and 0.2 nM pre-mRNA substrate (Crawford et al.
2008). [*2P]-labeled RNAs were then isolated and separated on
a 12% (w/v) denaturing PAGE gel followed by phosphor imaging
after exposing gels overnight to the phosphor imaging screen.
Data were analyzed using ImageJ. The fractions of the lariat inter-
mediate and efficiencies of the second step were calculated using
Equations 1 and 2 and the corresponding band intensities as pre-
viously described (Mayerle and Guthrie 2016).

lariat intermediate
pre-mRNA + lariat intermediate + mRNA

m

Fraction lariat intermediate =

mRNA

Second-step efficiency = lariat intermediate + mRNA @)
SUPPLEMENTAL MATERIAL
Supplemental material is available for this article.
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Katherine Senn and Karli Lipinski are joint first authors of this
paper, “Biochemical and genetic evidence supports Fyvé as a
second-step splicing factor in Saccharomyces cerevisiae.”
Katherine is a graduate student in the Integrated Program in
Biochemistry whereas Karli is in the Chemistry graduate pro-
gram, at the University of Wisconsin-Madison. They both are
part of the Hoskins laboratory and work on the mechanism of
pre-mRNA splicing.

What are the major results described in your paper and how do
they impact this branch of the field?

In this paper, we show for the first time that the protein Fyvé is in-
volved in pre-mRNA splicing in yeast. Deletion of FYVé has genet-
ic interactions with other spliceosomal proteins and decreases
splicing efficiency at the second step. Absence of the protein
also alters 3’ splice site choice of a reporter gene and an endoge-
nous gene. This biochemical and genetic evidence builds on the
ambiguous structural evidence that suggested Fyvé could be in-
volved in splicing and identifies the protein as a novel splicing
factor.

What led you to study RNA or this aspect of RNA science?

KS: | am broadly interested in the way regulation of gene expres-
sion can affect outcomes for and properties of a cell. There are dif-
ferent layers of this regulation at the RNA level, including pre-
mRNA splicing, and the complexities of the spliceosome and asso-
ciated factors in regulating and carrying out the splicing reaction
make it an interesting process to study. This project has been a
great opportunity to explore how a new splicing factor, Fyvé, fits
in with the rest of the spliceosome to regulate splicing and help
it progress correctly.

KL: The spliceosome is a very interesting RNP machine where the
RNA coordinates the selection of splice sites and also performs the
catalysis. Both functions can be modulated by the presence or ab-
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sence of various protein components during the splicing cycle. It
was exciting to have the opportunity to characterize a protein re-
cently associated with splicing where very little was known about
its function when we started our work.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

We were highly skeptical at the start of this project that Fyvé was
indeed a splicing factor from the inconclusive evidence available
to us, which quickly evaporated as we completed the first few
sets of experiments. The absence of Fyvé results in marked chang-
es in splicing and dramatic changes in growth. It was very exciting
and suddenly we had many more questions we wanted to explore,
some of which are answered here and some are saved for
future work.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

KS: While | enjoyed learning about science throughout my school-
ing, there was one experience in high school that made me seri-
ously begin to think about a career related to scientific research.
In my AP Biology class, each student had to complete an indepen-
dent research project. | was able to design and carry out an exper-
iment that interested me, and which did not already have a clearly
defined expected result like other labs in which I'd worked up to
that point. The experience made me realize that | liked the process
of research and finding answers to questions that were of interest
and importance to me and others in the world.

KL: | was a summer research student in the laboratory of Dr. Grover
Miller at UAMS College of Medicine prior to my junior year of col-
lege. Dr. Miller is passionate about mentoring undergraduate stu-
dents and took great care to teach me the best practices for
scientific communication during my brief stay in his laboratory. |
gave my first scientific research presentation on work from his lab-
oratory to a room of 200+ people while feeling prepared and con-
fident. | can trace the great successes | have had with and the joy |
have in communicating science back to this moment.

What are your subsequent near- or long-term career plans

KS: I will be wrapping up my graduate work in the near future.
From there, | plan to find a job in industry, potentially continuing
to work in an RNA-related field. | would love to continue to
contribute to scientific advances by focusing on research and
development.

KL: | will also be completing my doctorate degree soon and plan
to look for a postdoctoral position in RNA biology broadly. | want
to continue to inspire and train the next generation of scientists
while answering fundamental questions to further our understand-
ing of RNA processes within cells.



