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ABSTRACT

ThePrp19complex (Prp19C), alsonamedNineTeenComplex (NTC), is conserved fromyeast tohumanand functions inmany
different processes such as genome stability, splicing, and transcription elongation. In the latter, Prp19C ensures TREX oc-
cupancyat transcribedgenes. TREX, in turn, couples transcription tonuclearmRNAexportby recruiting themRNAexporter
to transcribed genes and consequently to nascentmRNAs. Here, we assess the function of the nonessential Prp19C subunit
Syf2 and the nonessential Prp19C-associated protein Cwc15 in the interaction of Prp19C and TREX with the transcription
machinery, Prp19C and TREX occupancy, and transcription elongation. Whereas both proteins are important for Prp19C–
TREX interaction, Syf2 is needed for full Prp19C occupancy, and Cwc15 is important for the interaction of Prp19C with
RNApolymerase II andTREXoccupancy. Thesepartiallyoverlapping functions are corroboratedbyagenetic interactionbe-
tweenΔcwc15andΔsyf2. Finally,Cwc15also interactsgeneticallywith the transcriptionelongation factorDst1andfunctions
in transcription elongation. In summary, we uncover novel roles of the Prp19C component Syf2 and the Prp19C-associated
protein Cwc15 in Prp19C’s function in transcription elongation.
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INTRODUCTION

For gene expression to culminate in protein synthesis, a se-
ries of dynamic and interconnected processes take place.
The pre-mRNA is synthesized by RNA polymerase II
(RNAPII) and is processed into mature mRNA by capping
of the 5′ end, splicing and 3′ end formation. Furthermore,
several proteins bind to the mRNA and package it into a
messenger ribonucleoprotein particle (mRNP) (Mitchell
and Parker 2014; Meinel and Sträßer 2015; Singh et al.
2015; Wegener and Müller-McNicoll 2019; Wende et al.
2019; Khong and Parker 2020). These events largely occur
already cotranscriptionally. Only correctly processed and
packagedmRNPs are exported from the nucleus to the cy-
toplasm (Mitchell and Parker 2014; Oeffinger and
Montpetit 2015; Wende et al. 2019; Xie and Ren 2019).

Here, the mRNA serves as the template for protein
synthesis.

A key player of mRNP assembly is the TREX complex,
which couples transcription to nuclear mRNA export and
is conserved from yeast to human (Heath et al. 2016). In
Saccharomyces cerevisiae, TREX is a heterononameric
complex consisting of the THO complex (Tho2, Hpr1,
Mft1, Thp2, and Tex1), the SR-like proteins Gbp2 and
Hrb1, the DEAD-box RNA-helicase Sub2, and the export
adaptor Yra1 (Sträßer et al. 2002). TREX is recruited to
RNAPII-transcribed genes by several mechanisms. It binds
to the nascent mRNA and interacts both with the S2-phos-
phorylated C-terminal domain (CTD) of Rpb1, the largest
subunit of RNAPII, and with the Prp19 complex (Prp19C)
(Abruzzi et al. 2004; Chanarat et al. 2011, 2012; Meinel
et al. 2013; Meinel and Sträßer 2015). Prp19C, a complex
best known for its function in splicing, in turn likewise inter-
acts with RNAPII and furthermore with Mud2 (see Fig. 5;
Chan et al. 2003; Chanarat et al. 2011; Minocha et al.
2018). Mud2, a protein that also functions in splicing, is
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recruited to the transcription machinery by the S2-phos-
phorylated CTD of Rpb1 (see Fig. 5; Kistler and Guthrie
2001; Minocha et al. 2018). Thus, TREX is recruited to the
transcription machinery by several interactions.
As mentioned above, Prp19C, which was also named

NineTeenComplex (NTC), is important forTREXoccupancy
at transcribed genes and thus for efficient transcription
elongation (see Fig. 5; Chanarat et al. 2012; Chanarat and
Sträßer 2013). Prp19C and its associated proteins join the
spliceosome during or after the dissociation of the U4
snRNP. Prp19C stabilizes the association of the U5 and U6
snRNPs by promoting RNA–RNA interaction between U5
andU6 in theactivatedspliceosomalB∗ complex,whichcat-
alyzes the first transesterification reaction and remains
bound throughout the second step of splicing (Tarn et al.
1994; Chan et al. 2003; Chan and Cheng 2005; Fabrizio
et al. 2009). In addition to splicingand transcriptionelonga-
tion, Prp19C is involved in genome stability (Idrissou and
Maréchal 2022) and lipid droplet formation (Cho et al.
2007). Like the TREX complex, Prp19C is conserved from
yeast to human. In humans, at least three different Prp19-
like complexes exist, whereas only one Prp19C is known
in yeast (Chanarat and Sträßer 2013). In S. cerevisiae,
Prp19C consists of eight core subunits and 26 associated
proteins (Ohi et al. 2002; Chanarat and Sträßer 2013). The
core subunits are the four essential proteins Prp19, Cef1,
Syf1, and Clf1 and the four nonessential proteins Snt309,
Syf2, Isy1, and Ntc20 (see Fig. 5; Grote et al. 2010;
Chanarat et al. 2012). In addition to these eight core pro-
teins inS. cerevisiae, thehumanPrp19Ccontains additional
core proteins—namely, PRL1/PRLG1, AD002/HSPC148,
CTNNBL1/NAP, and HSP73. The yeast orthologs of PRL1/
PRLG1 and AD002/HSPC148 are the Prp19C-associated
proteins Prp46 andCwc15, respectively, whereas the other
two proteins do not have orthologs in yeast (Grote et al.
2010). Whereas Prp46 is essential, Cwc15 is not (Albers
et al. 2003). Interestingly, Cwc15 is involved in pre-mRNA
splicing by contributing to spliceosome assembly, activa-
tion, and regulation and interacts directly with the essential
subunit Cef1 (Ohi et al. 2002). In addition, a loss-of-function
mutation inCwc15 is lethal inSchizosaccharomycespombe
and synthetically lethal with the prp19-1mutation in S. cer-
evisiae indicating an important function of Cwc15 for
Prp19C function (Ohi andGould2002). InArabidopsis thali-
ana, Cwc15 is ubiquitously expressed and important in the
developmental process (Slane et al. 2020). In humans,
Cwc15 is essential for viability and exists as a stable hetero-
dimer with CTNNBL1, a component that is lacking in yeast
(van Maldegem et al. 2015). Structurally, Cwc15 is located
on the surface of Prp8, where it associates with the PPIL4
and facilitates its anchoring to the spliceosome
(Schmitzová et al. 2023).
Single deletionmutants of the nonessential Prp19C sub-

units do not show a strong phenotype (Chen et al. 1998,
2001, 2002; Ohi et al. 2002). Three of the four nonessential

proteins—namely, Isy1, Ntc20, and Syf2—have overlap-
ping functions and formasubcomplex togetherwith thees-
sential subunit Syf1 (Chenet al. 2002). The triple deletion of
ISY1,NTC20, and SYF2 is lethal, whereas the different dou-
ble deletions are not (Chenet al. 2001, 2002). Double dele-
tion of ISY1 and NTC20, however, causes a severe growth
defect and a high accumulation of nonspliced mRNAs
(Chenet al. 2001).DeletionofSNT309, encoding the fourth
nonessential core protein of Prp19C, leads to the accumu-
lation of nonspliced mRNAs at elevated temperatures
(Chen et al. 1998). Within Prp19C, Snt309 interacts exclu-
sivelywithPrp19, and the lackof Snt309 results in thedesta-
bilization of the whole complex (Chen et al. 1999). Taken
together, the nonessential proteins show no severe effects
if deleted separately, but combinations of two or three de-
letions show more severe phenotypes. Therefore, while
someof theseproteins can compensate for the lackof other
nonessential Prp19C components, collectively they per-
form essential functions.
Here, we elucidate the function of the nonessential

Prp19C subunits in Prp19C and TREX occupancy at tran-
scribed genes and in transcription elongation. In addition,
we analyzed the function of the nonessential associated
protein Cwc15, because it functions in pre-mRNA splicing
and interacts with Cef1 (Ohi et al. 2002). We show that
Syf2 plays a role in the interaction of Prp19C with TREX
and in Prp19Coccupancy.Cwc15plays a role in the interac-
tionbetweenPrp19CandRNAPII, TREXoccupancy, andef-
ficient transcription elongation. Furthermore, the deletion
of either CWC15 or SYF2 leads to a reduced interaction of
Prp19C with TREX. This interaction is further decreased in
a Δcwc15 Δsyf2 double deletion strain, and Δcwc15 and
Δsyf2 are synthetically lethal at 37°C. Interestingly,
Δcwc15 is also synthetically sick with Δdst1 at 37°C and in
the presence of 6-azauracil (6-AU), indicating a function of
Cwc15 in transcriptionelongation.Consistentwith this con-
clusion, the mRNA synthesis rate is decreased in a Δcwc15
strain. Takentogether,weshowthatCwc15andSyf2are im-
portant for the interaction between TREX and Prp19C and
that Cwc15 has a role in transcription elongation.

RESULTS

The nonessential Prp19C subunit Snt309 is needed
for the interaction of Prp19C with Mud2

Prp19C is recruited to transcribed genes by Mud2 in an
RNA-independent manner (Minocha et al. 2018), and the
essential Prp19C subunit Clf1 most likely is important for
this interaction (Chung et al. 1999). No further interactions
between Prp19C components and Mud2 are known to
date.We, therefore, investigatedwhether anyof thenones-
sential Prp19C subunits are involved in the Prp19C–Mud2
interaction. To do so, we purified Prp19C from different
strains expressing Syf1-TAP, each carrying a deletion of
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one of the nonessential Prp19C subunits, and assessed the
copurification of hemagglutinin (HA)-tagged Mud2 by
western blotting. To exclude any differences in the interac-
tion of Mud2 and Prp19C due to changes in Syf1 or Mud2
total protein levels caused by one of the deletions, we de-
termined the amount of Syf1 andMud2 inwhole cell lysates
of each deletion mutant. Both Syf1 and Mud2 levels are
constant in each of the deletion mutants (Supplemental
Fig. S1A,B). Interestingly, deletion of ISY1 leads to an in-
creased interaction between Prp19C and Mud2 (Fig. 1A,
B). In contrast, the interaction between Prp19C and Mud2
is significantly reduced when SNT309 is deleted (Fig. 1A,
B). A possible explanation for this weaker interaction could
be the lower integrityof Prp19C inΔsnt309 cells (Chenet al.
1999), because a weaker association of Clf1 with Prp19C
could, in turn, weaken the interaction of Prp19C with
Mud2. Nevertheless, Snt309 does play a role in the interac-
tion between Prp19C and Mud2.

The Prp19C subunits Cwc15 and Snt309 mediate the
interaction between Prp19C and RNAPII

The essential Prp19C subunit Syf1 interacts—directly or in-
directly—with the large subunit of RNAPII (Chanarat et al.
2011). Thus, we were interested whether any of the nones-
sential Prp19C components are important for the interac-

tion between these two complexes. The copurification of
RNAPII with Prp19C was assessed in the five deletion mu-
tants of each of the nonessential Prp19C components
(Fig. 1A). To exclude any effects by reduced total RNAPII
levels caused by deletion of one of these genes, we deter-
mined the total levels of the largest RNAPII subunit Rpb1 in
whole cell extracts. A minor decrease of total Rpb1 levels
occurs in Δntc20 cells (Supplemental Fig. S1C); however,
wedidnotobservea significantdifference in the interaction
of Prp19Cwith Rpb1 in Δntc20 cells (Fig. 1A,C). In contrast,
the interaction between Prp19C and Rpb1, and thus most
likely the whole RNAPII complex, decreases in Δcwc15
andΔsnt309 cells (Fig. 1A,C). Thus, Cwc15 andSnt309 con-
tribute to the interaction between Prp19C and RNAPII.

Cwc15, Syf2, andSnt309play an important role in the
interaction of Prp19C and TREX

Prp19C is important for the recruitment of TREX to actively
transcribed genes and interacts with TREX in an RNA-inde-
pendent manner in vivo (Chanarat et al. 2011). Thus, we de-
termined, whether Prp19C and THO interact directly using
an in vitro binding experiment. First, we purified THO and
the heterotetrameric mRNA capping enzyme, the latter of
whichservedasanegativecontrol,boundto IgGbeads.Dur-
ing the purification, the lysates were treated with RNaseA to

prevent any RNA-mediated interac-
tions. In addition, the IgG beads with
bound THO or capping complex were
washed with high salt buffer to obtain
pure complexes. Equal amounts of
Prp19C purified until the EGTA elution
step were incubated with THO or the
mRNA capping enzyme bound to
beads, respectively. Bound proteins
were eluted by cleavage with TEV pro-
tease. Prp19C indeed binds directly to
the THO complex (Supplemental Fig.
S2). In contrast, no interaction was ob-
served between Prp19C and the
mRNAcappingenzyme (Supplemental
Fig. S2). Thus, Prp19C binds directly to
the THO complex in an RNA-indepen-
dent manner.
Next, we determined which of the

nonessential Prp19C components are
involved in this direct interaction be-
tween Prp19C and TREX. To do this,
we purified TREX using a strain ex-
pressing Hpr1-TAP in deletion mu-
tants of each of the nonessential
Prp19C subunits and assessed the
copurification of Prp19C by western
blotting for HA-tagged Syf1. The
amount of copurified Prp19C
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increases when ISY1 is deleted, indicating that the interac-
tion between the two complexes is stronger in the absence
of Isy1 (Fig. 2A,B). IndeletionmutantsofCWC15,SYF2, and
SNT309, theamountof copurifiedSyf1and thus the interac-
tion of TREX with Prp19C is reduced (Fig. 2A,B).
Interestingly, the total Hpr1-TAP levels in whole cell ly-

sates also decrease in the absence of either Cwc15 or Syf2
as determined with an antibody directed against the pro-
tein A moiety of the C-terminal TAP tag (Supplemental
Fig. S3A,B). These lower Hpr1 levels coincide with a faster
migrating band of Hpr1-CBP visible in the TREX eluates
from Δcwc15 and Δsyf2 cells (Fig. 2A, indicated by a star).
To investigate whether the double deletion of CWC15
andSYF2hasadditiveeffectsontheamountof the fastermi-
grating Hpr1-CBP band as well as the TREX–Prp19C inter-

action, we purified TREX from a Δcwc15 Δsyf2 double
deletion strain. Only the faster migrating band of Hpr1-
CBP is visible in the EGTA eluate from this Δcwc15 Δsyf2
strain (Supplemental Fig. S3C, indicated by a star). In addi-
tion, the interaction of TREX with Prp19C is further de-
creased (Supplemental Fig. S3C,D). Surprisingly, total
levels of Hpr1-TAP are largely restored in the Δcwc15
Δsyf2 strain although several degradationbands are still vis-
ible (Supplemental Fig. S3E,F).Mass spectrometric analysis
of the Hpr1-CBP bands purified from the wild-type and the
double deletion strain revealed peptides corresponding to
full-length Hpr1 in both cases (data not shown). As Hpr1 is
ubiquitylated (Gwizdek et al. 2005; Babour et al. 2012),
the size difference could be due to ubiquitylation. Detec-
tion of ubiquitylatedHpr1 in theHpr1-TAP eluates bywest-

ern blotting with an antibody directed
against ubiquitin indeed revealed
strongly decreased ubiquitylation of
Hpr1 in the double mutant compared
to wild-type cells (Supplemental Fig.
S4A,B). Hpr1 is ubiquitinylated at its C
terminus by the E3 ubiquitin ligase
Rsp5, destabilizing Hpr1 at 37°C
(Gwizdek et al. 2005). Indeed, Hpr1 is
degraded more quickly at 37°C than
at 30°C (Supplemental Fig. S4C;
Gwizdek et al. 2005). Deletion of
CWC15 and SYF2 increases the half-
life of Hpr1-TAP at 37°C, consistent
with its lower ubiquitylation level (Sup-
plemental Fig. S4C). Thus, theC-termi-
nal TAP tag impairs the ubiquitylation
of Hpr1 when Cwc15 and/or Syf2 is
lacking.

To assess the effect of Cwc15 and
Syf2 on the interaction of TREX with
Prp19C independent of changes in
Hpr1 ubiquitylation, we tagged Hpr1
on its N terminus. No faster migrating
band is visible in the EGTA eluates of
TREX purifications from Δcwc15,
Δsyf2, and Δcwc15 Δsyf2 cells express-
ing TAP-Hpr1 (Fig. 2C). Consistently,
the total levels of TAP-Hpr1 in whole
cell lysates of Δcwc15 and Δsyf2 cells
are not reduced (Supplemental Fig.
S3G,H). Importantly, as for theC-termi-
nally TAP-tagged Hpr1 (Supplemental
Fig. S3C,D), less Prp19C copurifies
with TREX in Δcwc15 and Δsyf2 cells
when purified via the N-terminally TAP-
tagged Hpr1, and even less Prp19C
copurifies with the N-terminally TAP-
tagged Hpr1 in the Δcwc15 Δsyf2 dou-
ble deletion strain (Fig. 2C,D). Thus,
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Cwc15 and Syf2 are important for the interaction of Prp19C
and TREX.

Cwc15 and Syf2 function in Prp19C and TREX
occupancy at transcribed genes

AsCwc15andSyf2areneeded for the interactionofPrp19C
with TREX and RNAPII, these two Prp19C components

might also be important for the occupancy of Prp19C and
TREX at transcribed genes. Thus, we performed chromatin
immunoprecipitation (ChIP) experiments to determine the
occupancy of TREX and Prp19C at four exemplary, highly
transcribed intron-containing (DBP2, ACT1, RPS14B,
RPL28) and four intronless (PMA1, ILV5, CCW12, RPL9B)
genes (Fig. 3A) in deletion mutants of CWC15 or SYF2. As
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FIGURE 3. Syf2 functions in Prp19C occupancy, and Cwc15 functions in TREX occupancy. (A) Scheme of four exemplary intron-containing genes
(DBP2,ACT1,RPS14B, andRPL28) and fourexemplary intronlessgenes (PMA1, ILV5,CCW12, andRPL9B) usedforChIPexperiments.Openreading
frames (ORFs)are representedbysolid linesand intronsbyhatched lines.Thebarsabove thegenes indicate thepositionsof theprimerpairsused for
analysis by quantitative PCR. (B) RNAPII occupancy increases in Δsyf2 cells both at intron-containing and intronless genes. The occupancy of the
RNAPII component Rpb1 was assessed in WT, Δcwc15, and Δsyf2mutant cells by ChIP experiments at the four intron-containing (left panel) and
the four intronless (right panel) genes depicted in A. (C ) Prp19C occupancy decreases in Δsyf2mutant cells at intron-containing genes. The occu-
pancy of Prp19C was assessed by ChIP of Syf1-TAP normalized to the occupancy of RNAPII. (D) TREX occupancy decreases in Δcwc15 cells. The
occupancy of TREX was assessed by ChIP of Hpr1-TAP normalized to the occupancy of RNAPII. Of note, total levels of Hpr1-TAP decrease in
Δcwc15 and Δsyf2 cells. However, as the amount of beads is limiting in the ChIP protocol used, this should not influence the result. Moreover,
Hpr1-TAP occupancy in Δsyf2 cells is only decreased at some genes.
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the recruitment of RNA-binding protein complexes to the
site of transcription is at least partially dependent on RNA
and thus on ongoing transcription (i.e., the presence of
RNAPII), we first determined the occupancy of RNAPII. In
Δcwc15 cells, the occupancy of RNAPII is unchanged com-
pared to wild-type cells at the tested eight genes (Fig. 3B),
indicating that the lack of Cwc15 does not cause a strong
transcription defect. Interestingly, Prp19C occupancy de-
creases at half of the selected intron-containing genes,
whereas it does not change at intronless genes in Δcwc15
cells, indicating that Cwc15 is needed for Prp19Coccupan-
cy at a subset of intron-containing genes (Fig. 3C;
Supplemental Fig. S5A). In contrast, TREX occupancy de-
creases at all tested intron-containing and intronless genes
inΔcwc15cells (Fig.3D;SupplementalFig.S5B).This is con-
sistent with our observation that Cwc15 is needed for a sta-
ble Prp19C–TREX interaction and the requirement of
Prp19C for TREX occupancy (Fig. 2; Chanarat et al. 2011).
In Δsyf2 cells, in contrast, RNAPII occupancy increases at
both intron-containing and intronless genes (Fig. 3B) indi-
cating that loss of Syf2 affects transcription. Prp19C occu-
pancy decreases, whereas TREX occupancy is not

affected in Δsyf2 cells (Fig. 3C,D). This result contradicts
the function of Prp19C in TREX occupancy indicating that
we do not fully understand the function of Prp19C and its
subunit Syf2. Taken together, Syf2 is needed forPrp19Coc-
cupancy, and Cwc15 is needed for Prp19C occupancy at a
subset of intron-containinggenes and for TREXoccupancy.

Cwc15 is important for efficient transcription in vivo

BecausedeletionofSYF2orCWC15 leads to similarpheno-
types such as reduced TREX–Prp19C interaction, we also
tested for a genetic interaction between these two genes
as a genetic interaction indicates a function in the same cel-
lular process. Interestingly, deletion of both SYF2 and
CWC15 causes a strong additive growth defect at 37°C
compared to the singledeletions (Fig. 4A), indeed suggest-
ing overlapping functions of Syf2 and Cwc15. However,
SYF2 and CWC15 do not interact genetically in the pres-
enceof6-AU (Fig.4A). 6-AU leads todecreased intracellular
GTP and UTP levels, thereby impeding RNA synthesis.
Consequently, sensitivity to 6-AU indicates a function of
the deleted gene in transcription elongation. Taken
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together, Syf2 and Cwc15 likely have overlapping func-
tions, but this overlap appears not to be in transcription
elongation.

Nevertheless, Syf2 and Cwc15 are both needed for
Prp19C and TREX occupancy, and these two complexes
function in transcription elongation (Fig. 3; Chanarat et al.
2011). We, therefore, further investigated the potential
functionof either Syf2orCwc15 in transcriptionelongation.
As a first indication, we tested for a genetic interaction be-
tweenSYF2 andDST1, thegeneencoding the transcription
elongation factor TFIIS (Exinger and Lacroute 1992).
However, the deletion of SYF2 does not lead to a growth
defect at 37°C, and the double deletion of SYF2 and
DST1 does not show any additive growth defect (Fig. 4B,
left panel). Similarly, Δsyf2 cells are not sensitive to 6-AU
and do not interact with Δdst1 in the presence of 6-AU
(Fig. 4B, right panel). As an independent line of evidence,
we assessed mRNA synthesis in an in vivo transcription as-
say using two reporter genes: the endogenous, intronless
GAL10 gene and the intron-containing ACT1 gene encod-
ed on a plasmid, likewise under control of the GAL10 pro-
motor. Expression from these two GAL10 promoters was
induced by the addition of galactose for 5, 10, 20, and 30
min, respectively, and the amount of synthesized GAL10
and ACT1 mRNA was quantified by primer extension.
However, the amounts of synthesized GAL10 and ACT1
mRNA in Δsyf2 cells are similar to the respectivemRNA lev-
els inwild-typecells, also indicating thatSyf2 function is dis-
pensable for efficient mRNA synthesis (Fig. 4C).

In contrast to Δsyf2 cells, Δcwc15 cells have a growth
defect comparable to that of Δdst1 cells at 37°C (Fig.
4D, left panel). Furthermore, the Δcwc15 Δdst1 double
deletion strain has an additive growth defect at 37°C,
i.e., CWC15 and DST1 interact genetically (Fig. 4D, left
panel), indicating a function of Cwc15 in transcription
elongation. Growth of Δcwc15 cells on 6-AU-containing
plates is not impaired compared to wild-type cells; howev-
er, deletion of CWC15 exacerbates the growth defect of
Δdst1 cells in the presence of 6-AU (Fig. 4D, right panel),
again indicating a role of Cwc15 in transcription elonga-
tion. To substantiate this conclusion, we performed in
vivo transcription assays with the two above-mentioned
reporter genes. Consistent with the afore-mentioned
data, both GAL10 and ACT1mRNA levels are significantly
lower in Δcwc15 cells compared to wild-type cells (Fig.
4E). Consequently, Cwc15 is needed for efficient mRNA
synthesis or stability of intron-containing and intronless
mRNA in vivo. Interestingly, the occupancy of RNAPII
does not change in Δcwc15 cells (Fig. 3B). Moreover, the
occupancy of RNAPII with an S2-phosphorylated CTD,
which is the predominant state of RNAPII during transcrip-
tion elongation, even increases (Supplemental Fig. S5C).
As nevertheless mRNA levels decrease in Δcwc15 cells,
this might indicate that RNAPII stalls during transcription
elongation in Δcwc15 cells.

Taken together, our data show that the two nonessential
Prp19C subunits Cwc15 and Syf2 play similar but different
roles in the interactions of Prp19C with TREX, Mud2, and
RNAPII. Importantly, Cwc15 is needed for efficient tran-
scription elongation in vivo.

DISCUSSION

The TREX complex functions in transcription elongation
and mRNA export (Sträßer et al. 2002). TREX is recruited
to the transcription machinery by several mechanisms: (i)
by direct interaction with the S2-phosphorylated CTD, (ii)
by the nascent RNA, and (iii) by Prp19C (Chanarat et al.
2011; Meinel et al. 2013). Prp19C, in turn, is recruited to
transcribed genes (i) by Mud2, which also interacts with
the S2-phosphorylated CTD, and (ii) via direct interaction
with RNAPII,mediated by theC-terminal domain of its sub-
unit Syf1 (Chanarat et al. 2011; Minocha et al. 2018).

The aim of this studywas to elucidate the role of the non-
essential Prp19C components in the interaction with
RNAPII, Mud2, and TREX, in Prp19C and TREX occupancy
and in transcription elongation. Our data show that the
Prp19C subunit Snt309 is important for the interaction be-
tween Prp19C and Mud2, RNAPII as well as TREX (Figs. 1,
2, and 5), which is reflected by the growth impairment
caused by deletion of SNT309. Snt309 is required for the
stableassociationofCef1,anessentialPrp19Ccorecompo-
nent, with Prp19C, and the deletion of SNT309 thus desta-
bilizes the complex (Chen et al. 1999). In addition, the
strong growth defect of Δsnt309 cells renders the analysis
of Snt309’s function difficult because of secondary effects.

Cwc15 isneeded for the interactionbetweenPrp19Cand
RNAPII aswell asTREX (Figs.1,2, and5).Consistently,TREX
occupancy is reduced inΔcwc15cells (Fig.3).Asweseesim-
ilareffectsonTREXoccupancyatall eightexemplarygenes,
webelieve that it is very similar for all or at leastmost genes.
Inaddition, the transcriptionalactivityof tworeportergenes
is reduced in Δcwc15 compared to wild-type cells (Fig. 4E).
This is also consistentwith the observedgenetic interaction
betweenΔcwc15andΔdst1on6-AUplatesandat37°C (Fig.
4D). In this respect, thephenotypesofΔcwc15 cells are sim-
ilar to those of Δmud2 cells (Minocha et al. 2018). This is in-
terestingasCwc15 isknowntobea looselyattachedprotein
of Prp19C, and for S. cerevisiae it is not considered a core
component of Prp19C (Ohi et al. 2002; van Maldegem
et al. 2015).

The nonessential Prp19C component Syf2, in turn, stabi-
lizes the Prp19C–TREX interaction and is needed for full
Prp19C occupancy at transcribed genes (Figs. 2 and 3),
most likely in a genome-wide manner as we observe the
same effects at all eight tested genes. However, Syf2 forms
a Prp19C subcomplex together with Syf1, Isy1, and Ntc20,
andthereducedPrp19Coccupancy inΔsyf2cells could thus
be an indirect effect caused by destabilization of this sub-
complex and, consequently, of the interaction of Syf1 with
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the transcriptionmachinery. Nevertheless, Cwc15 and Syf2
are both needed for Prp19C–TREX interaction, and this in-
teraction is further reducedwhen both proteins aremissing
(Fig. 2C;Supplemental Fig. S3C,D). This is reflectedby their
genetic interaction: Δcwc15 and Δsyf2 are synthetically le-
thal at 37°C (Fig. 4A).
Asdeterminedby the recentlypublishedcryo-electronmi-

croscopy(cryo-EM)structuresofactivatedspliceosomalcom-
plexesBandC,Syf2helpstobridgeSyf1totheU2–U6snRNA
helix II during splicing, anchoring Prp19C to the active site
through its component Cef1 (Bertram et al. 2020; Wilkinson
et al. 2021). Syf2 thus helps to stabilize the catalytic core,
and itsdeletioncoulddisrupt this stableconformation,which
may, in turn, render the whole Prp19C unstable. Cwc15,
which was earlier thought to be a spliceosome-associated
protein, has been regarded as a core component of the spli-
ceosomal machinery in recent cryo-EM studies. It is in direct
contact with all three snRNA elements—U4, U5, and U6—
and interacts simultaneously with multiple components and
other NTC-related proteins at the catalytic center of the spli-
ceosome (Wanet al. 2016). Togetherwith Prp45 andaC-ter-
minal fragment of Cef1, Cwc15 acts as a rope-like structure
providing flexible tethering to seal together the interactions
betweendifferent components of Prp19C aswell as the spli-
ceosome (Yan et al. 2019). These structural data support our

findingsthat therolesofSyf2andCwc15instabilizingPrp19C
indeed overlap.
The total levels ofC-terminal TAP-taggedHpr1decrease

in Δcwc15 and Δsyf2 cells (Supplemental Fig. S3A,B), and a
faster migrating band appears in the TREX purification
(Supplemental Fig. S3C,D). Interestingly, total Hpr1-TAP
levels are restored in Δcwc15 Δsyf2 double deletion strain
(Supplemental Fig. S3E,F), and only the faster migrating
band is visible (Supplemental Fig. S3C,D). As determined
by mass spectrometric analysis, both the slower and the
faster migrating band of Hpr1-CBP from wild-type and
Δcwc15Δsyf2 cells, respectively, contain full-lengthprotein
(data not shown). Hpr1 is ubiquitylated by the ubiquitin li-
gase Rsp5, degraded by the proteasome, and thus more
unstable at 37°C (Gwizdek et al. 2005). However, the Hpr1
ubiquitylation does not only serve a degradative function:
Ubiquitylated Hpr1 recruits the mRNA exporter Mex67 to
transcribed genes, and, consistently, its ubiquitin ligase
Rps5 is essential for nuclear mRNA export (Rodriguez
et al. 2003; Gwizdek et al. 2006). As Hpr1-TAP is less ubiq-
uitylated in the Δcwc15 Δsyf2 strain (Supplemental Fig.
S4A), the faster migrating band most likely corresponds to
nonubiquitylatedHpr1. This is consistent with our observa-
tion that Hpr1-TAP is more stable at 37°C in Δcwc15 Δsyf2
than in wild-type cells (Supplemental Fig. S4C), similar to
the stabilization of Hpr1 observed in Δrsp5 cells (Gwizdek
et al. 2005). Thus, the combination of a C-terminal TAP
tag onHpr1 with the deletion ofCWC15 and/or SYF2 inter-
feres with the ubiquitylation of Hpr1 and thus a longer half-
life.
Δcwc15, Δsyf2, and Δcwc15 Δsyf2 cells do not show a nu-

clearmRNAexportdefect at30°Cor 37°C (datanot shown).
This is comparable to deletion of the C terminus of Syf1 in
syf1–37 cells or deletion ofMUD2, both of which also cause
a decrease in TREX and Prp19C occupancy, but no nuclear
mRNA export defect (Chanarat et al. 2011; Minocha et al.
2018). Most likely, the decrease in transcription elongation
and thus inmRNA synthesis caused by themutations allevi-
ates the possibly existing delay in mRNA export.
In summary, Cwc15 and Syf2 mediate the interaction of

TREX with Prp19C, whereas Cwc15 mediates the interac-
tion of Prp19c with RNAPII (Fig. 5). In addition, Cwc15 and
Syf2 function in Prp19C and TREX occupancy (Fig. 5).
Importantly, Cwc15 is needed for efficient transcription
elongation. Notably, this is the first time a specific function
of these nonessential Prp19C subunits beyond their role in
splicing has been determined.

MATERIALS ANDMETHODS

Quantification of total protein levels by western blot

To quantify total protein levels, 5 OD600 units of cells grown to the
mid-logphasewereharvestedand lysedby theNaOHmethodand
their proteins precipitated by TCA (Karakasili et al. 2014). Briefly,

RNAPII
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Hpr1
THO
TREX

Prp19
Snt309

Cwc15

Syf2Ntc20Isy1

Cef1

Prp46 Clf1

Syf1

FIGURE5. ModelofPrp19C/NTCfunction in transcriptionelongation,
nuclear mRNP assembly, and export. Prp19C/NTC (green) consists of
the four essential proteins Prp19, Cef1, Syf1, and Clf1 (underlined)
and the four nonessential proteins Snt309, Syf2, Isy1, and Ntc20.
Isy1, Ntc20, Syf1, and Syf2 (light green) form a subcomplex of
Prp19C/NTC. In addition, the essential protein Prp46 and the nones-
sentialproteinCwc15associatewithPrp19C/NTC.Prp19C/NTC ispre-
sent at transcribed genes through multiple interactions: It interacts
directly with RNAPII (gray) via the C-terminal domain of its subunit
Syf1. Moreover, the Prp19C/NTC subunits Snt309 and Cef1 interact
withMud2 (blue),which in turndirectly binds to theS2-phosphorylated
CTD of RNAPII (S2P). Prp19C/NTC facilitates efficient transcription
elongation, most likely by its function in the occupancy of TREX (light
orange), with which it interacts via its subunits Cwc15 and Syf2.
Importantly, Cwc15 also mediates the interaction of Prp19C/NTC
with RNAPII and is needed for Prp19C/NTC and TREX occupancy as
well as efficient transcription elongation. Furthermore, THO (orange),
a subcomplex of TREX, interacts directly with the CTD of RNAPII.
Hpr1 (orange) is a THO subunit. TREX also binds to the nascent
mRNA (red) and functions in mRNP assembly and nuclear mRNA
export.
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the cell pellet was resuspended in 500 µL of water, 150 µL of pre-
treatment solution (7.5% [v/v] β-mercaptoethanol, 1.85 M NaOH)
was added, and the mixture was incubated for 20 min on ice.
TCA was added to a final concentration of 10%, and the solution
was incubated for 20 min on ice and centrifuged for 20 min at
15,000 rpm at 4°C. The supernatant was discarded, the pellet
was resuspended in 90 µL of 1× SDS-loading buffer, and 10 µL
1 M Tris-base was added. Equal amounts of total protein corre-
sponding to ∼6 µL of whole cell extract were separated by SDS-
PAGE. Proteins tagged with the TAP or HA tag were detected
withPAPorananti-HAantibody (Sigma;R&DSystems)andahorse-
radish peroxidase (HRP)-coupled secondary antibody and
CheLuminate-HRP ECL solution (Applichem) according to the
manufacturer’s instructions. Western blot signals were imaged us-
ingaChemoCamImager (Intas) andquantifiedusing ImageJ.Each
quantification is based on at least three biologically independent
replicates.

Tandem affinity purification of native protein
complexes

Purification of native protein complexes via a TAP-tagged subunit
was performed as described previously (Puig et al. 2001). Briefly,
2 L of cell culture was harvested at an OD600 of 3.5 and lysed with
a cryo-mill (Freezer/Mill 6870D, Spex Sample Prep). Lysis buffer
(50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1.5 mM MgCl2, 0.15%
NP40, 1 mM DTT, 1.3 μg/mL pepstatin A, 0.28 μg/mL leupeptin,
170 μg/mL PMSF, 330 μg/mL benzamidine) was added to the cell
powder and centrifuged (1 h, 164,700g, 4°C) and the supernatant
was incubated for 1.5 h with IgG-coupled Sepharose beads (GE
Healthcare). The beads werewashedwith lysis buffer and proteins
were eluted by cleavagewith TEV protease. The TEV eluates were
incubated for 1 h with prewashed calmodulin Sepharose beads
(Agilent Technologies) and washed with lysis buffer containing
2 mM CaCl2. Proteins were eluted with buffer containing 25 mM
EGTA, precipitated with 10% TCA (v/v), and separated by SDS-
PAGE. Copurifying proteins were analyzed by Coomassie staining
orwesternblottingusingantibodiesagainstHA (Roche)or theCTD
of Rpb1 (8WG16, Biolegend).

In vitro binding assay of Prp19C and THO

Prp19Cwaspurified from12Lof cultureof anSYF1-TAP strain until
EGTAelution (EGTA-E). THOandmRNAcappingenzyme, aheter-
otetramer composed of two Ceg1 and two Cet1 molecules that
servedasanegativecontrol,werepurified fromanHPR1-TAP strain
and aCEG1-TAP strain, respectively. Lysates of theHPR1-TAP and
CEG1-TAP strains were treatedwith 100 µg/mL RNaseA and incu-
bated with IgG Sepharose beads. Beads were washed with 10 mL
high salt lysis buffer (50 mM Tris-HCl at pH 7.5, 1 MNaCl, 1.5 mM
MgCl2, 0.15% NP40, 1 mM DTT, 1.3 μg/mL pepstatin A, 0.28 μg/
mL leupeptin, 170 μg/mL PMSF, 330 μg/mLbenzamidine) in order
to obtain complexes. Equal amounts of purified and concentrated
Prp19C were incubated with THO or the mRNA capping complex
bound to IgG-coupled Sepharosebeads for 1 h at 4°Con a turning
wheel.After incubation, thebeadswerewashedwith5mLTAPlysis
buffer, andtheproteinswereelutedbycleavagewithTEVprotease
for 1 h at 4°C and separated by SDS-PAGE.

Chromatin immunoprecipitation experiments

ChIP experiments were performed as described in Reuter et al.
(2015) with some modifications. Briefly, 100 mL yeast culture was
grown to an OD600 of 0.8 and cross-linked with 1% formaldehyde.
Cells were lysedwith an equal volumeof glass beads and sonicated
three times for 15 min each with intermittent cooling, resulting in
chromatin fragments of 200–250 bp. Endogenously TAP-tagged
versionsoftheproteinsof interestwereimmunoprecipitatedbyincu-
bation of whole cell lysate with IgG-coupled Dynabeads (tosylacti-
vated M280, Thermo Scientific) for 2.5 h at RT. For ChIP
experiments of RNAPII and S2-phosphorylated RNAPII, 4 µL of the
monoclonal antibody 8WG16 (Biolegend) or 2 µL of the antibody
3E10 (Abcam), respectively, were added for 1.5 h at RT followed
by1 h incubationwith ProteinGDynabeads. Afterwashing and elu-
tion,eluates,aswellas inputsamples,weretreatedwithproteinaseK
overnight at 65°C for the reversal of crosslinks. Todetermine theoc-
cupancyof eachprotein of interest at transcribedgenes, eight para-
digmatic genes were amplified from the precipitated DNA by
quantitativePCRusingspecificprimerpairs;anontranscribedregion
(NTR1, 174,131–174,200 onChr. V) served as negative control. The
occupancyofeachproteinwascalculatedastheenrichment in the IP
over the input (Input) sampleofeachtranscribedgenenormalizedto
NTR1: ([E(CT IP−CT Input)]NTR/[E(CT IP−CT Input)]gene).

In vivo transcription assay

The in vivo transcription assays were performed as described in
Minocha et al. (2018). Shortly, transcription of two genes, the en-
dogenous intronless GAL10 gene and the intron-containing
ACT1gene, also under the control of theGAL10promoter anden-
coded on a plasmid, was examined; the RNAPIII transcript SCR1
served as a standard. Cells were grown in media containing raffi-
nose as a carbon source (2%, w/v), and expression from the
GAL10 promotors was induced by the addition of 2% (w/v) galac-
tose for 0–30 min. The amount of GAL10 and ACT1 mRNA and
SCR1wasmeasured by primer extension using 5′-Cy5-labeled ol-
igonucleotides specific forGAL10,ACT1, and SCR1, respectively.
The cDNAwas separatedona7Murea7%polyacrylamidegel and
quantified using ImageJ.

Statistical analysis

All data are presented asmean± standard deviation (error bars) of
at least threebiologically independentexperiments.Asterisks indi-
cate the statistical significance (Student’s t-test; ∗P≤ 0.05; ∗∗P≤
0.01; ∗∗∗P≤0.001).
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Supplemental material is available for this article.
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