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1Institute of Biochemistry, Justus Liebig University, Giessen 35392, Germany, 2Institute of Gene Biology, Russian
Academy of Sciences, Moscow 119334, Russia, 3Institute of Molecular Medicine, Martin-Luther-University Halle
Wittenberg, Halle 06120, Germany and 4Engelhardt Institute of Molecular Biology, Russian Academy of Sciences,
Moscow 119991, Russia

Received September 07, 2017; Revised July 02, 2018; Editorial Decision July 03, 2018; Accepted July 20, 2018

ABSTRACT

The different steps of gene expression are intimately
linked to coordinate and regulate this complex pro-
cess. During transcription, numerous RNA-binding
proteins are already loaded onto the nascent mRNA
and package the mRNA into a messenger ribonucleo-
protein particle (mRNP). These RNA-binding proteins
are often also involved in other steps of gene ex-
pression than mRNA packaging. For example, TREX
functions in transcription, mRNP packaging and nu-
clear mRNA export. Previously, we showed that the
Prp19 splicing complex (Prp19C) is needed for ef-
ficient transcription as well as TREX occupancy at
transcribed genes. Here, we show that the splicing
factor Mud2 interacts with Prp19C and is needed
for Prp19C occupancy at transcribed genes in Sac-
charomyces cerevisiae. Interestingly, Mud2 is not
only recruited to intron-containing but also to intron-
less genes indicating a role in transcription. Indeed,
we show for the first time that Mud2 functions in
transcription. Furthermore, these functions of Mud2
are likely evolutionarily conserved as Mud2 is also
recruited to an intronless gene and interacts with
Prp19C in Drosophila melanogaster. Taken together,
we classify Mud2 as a novel transcription factor that
is necessary for the recruitment of mRNA-binding
proteins to the transcription machinery. Thus, Mud2
is a multifunctional protein important for transcrip-
tion, splicing and most likely also mRNP packaging.

INTRODUCTION

Gene expression is a fundamental cellular process, without
which life is impossible. It consists of multiple steps starting
with transcription, i.e. the synthesis of the mRNA by RNA
polymerase II (RNAPII). Already co-transcriptionally the

mRNA is processed: At the 5′ end a cap structure is added,
introns are spliced out and––after cleavage at the 3′ end––a
poly(A) tail is added. In addition, the mRNA is pack-
aged into a messenger ribonucleoprotein particle (mRNP)
by nuclear mRNA binding proteins (1–3). Only fully pro-
cessed and packaged mRNPs are exported from the nu-
cleus to the cytoplasm by the conserved mRNA exporter
called Mex67-Mtr2 in Saccharomyces cerevisiae and TAP-
p15/NXF1-NXT1 in metazoans (4–7). Interestingly, differ-
ent steps of gene expression are intimately linked for regu-
lation and quality control. Importantly, the composition of
the mRNP sometimes determines the fate of the mRNA at
later, e.g. also cytoplasmic, stages.

Several nuclear mRNA-binding proteins already bind co-
transcriptionally to the mRNA such as the SR-like proteins
Nab2 and Npl3 or Tho1 in S. cerevisiae and thus constitute
the nuclear mRNP [(1) and references therein]. The recruit-
ment of proteins involved in mRNA processing and mRNP
packaging is coordinated with the different phases of tran-
scription by the C-terminal domain (CTD) of Rpb1, the
largest subunit of RNAPII (1,8,9). The CTD consists of re-
peats of the heptapeptide sequence YSPTSPS. The number
of repeats differs between organisms: There are, for exam-
ple, 52 repeats in humans and 26 repeats in S. cerevisiae. In
addition to other modifications, the CTD becomes differen-
tially phosphorylated with the progression of the transcrip-
tion cycle. During transcription initiation, mainly serine 5
(S5) and serine 7 (S7) are phosphorylated, whereas during
elongation, tyrosine 1 (Y1) and serine 2 (S2) phosphory-
lation is high, which decrease at the poly(A) site and the
termination site, respectively (10–12). Consequently, factors
involved in splicing and mRNP packaging were shown to
bind to the S2 phosphorylated CTD (also see below).

One of the protein complexes important for nuclear
mRNP formation is the TREX complex. In S. cerevisiae,
TREX is a heterononameric complex consisting of the
THO subcomplex (composed of Tho2, Hpr1, Mft1, Thp2
and Tex1), the SR-like proteins Gbp2 and Hrb1, the
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DEAD-box helicase Sub2 and Yra1 (1,4–6,13–16). TREX
couples transcription to nuclear mRNA export as it is im-
portant for transcription elongation and also recruits the
mRNA exporter Mex67-Mtr2 to the mRNA (13,17–21). In
addition to TREX, the SR-like proteins Nab2 and Npl3
recruit Mex67-Mtr2 to the mRNA (1,22). Furthermore,
TREX is involved in 3′ end processing and transcription-
coupled DNA repair and prevents hyperrecombination (23–
25). TREX interacts with the transcription machinery via
the binding of its subunit Yra1 to Pcf11, a component of
the 3′ end processing machinery, and the S2 phosphorylated
CTD (26,27). We previously showed that TREX is recruited
to the transcription machinery by the direct interaction of
its subcomplex THO with the S2 phosphorylated CTD (28).
The association of TREX with the transcription machin-
ery is maintained by the Prp19 complex (Prp19C) (29,30).
Prp19C was first shown to function in splicing, which is
carried out by the spliceosome composed of small nuclear
ribonucleoprotein particles (snRNPs) and additional non-
snRNP proteins. Prp19C was also named nineteen com-
plex (NTC) and is a non-snRNP protein complex (31,32).
Prp19C’s function in splicing and TREX occupancy at the
transcribed gene are probably independent of each other
as a mutation in the Prp19C component Syf1 causes a de-
creased occupancy of TREX but does not display a splic-
ing defect (29). Probably due to its function in TREX occu-
pancy, Prp19C is necessary for efficient transcription (29).
Taken together, Prp19C and TREX function in transcrip-
tion elongation as well as nuclear mRNP formation.

As expected from their fundamental functions in gene
expression, both TREX and Prp19C are conserved. The
human homologs of the THO subunits Hpr1, Tho2 and
Tex1 are named THOC1, 2 and 3, respectively. Human
THO has three additional subunits THOC 5, 6 and 7 that
have no orthologues in budding yeast. Furthermore, the
human homologs of the TREX subunits Sub2 and Yra1
are named UAP56 and ALYREF/THOC4. Human TREX
functions in transcription and mRNA processing and ex-
port (4,15). In addition, TREX is also important for em-
bryogenesis, organogenesis as well as cellular differentia-
tion and implicated in several diseases (15,33). The subunit
composition of the TREX complex in Drosophila is simi-
lar to the human one (34). Drosophila TREX consists of
the core THO subunits as well as THOC5, THOC6, and
THOC7. UAP56 and ALYREF are less stably associated
with TREX than their yeast homologs Sub2 and Yra1, re-
spectively. Interestingly, nuclear export of the vast major-
ity of mRNAs is independent of TREX but export of heat-
shock mRNAs depends on THO function under stress (34).
The Prp19 complex is also conserved from yeast to humans
(35). The human PRP19/CDC5L complex is a large pro-
tein complex including hPrp19, CDC5L (Cef1 in S. cere-
visiae), PRL1 (Prp46), SPF27 (Snt309) and several other
subunits that are not present in yeast Prp19C (36). In addi-
tion to PRP19/CDC5L two other protein complexes con-
taining Prp19 and homologs of some yeast Prp19C sub-
units have been isolated in humans: the PRP19-associated
complex and the XAB2 complex (36,37). In addition to
pre-mRNA splicing, human Prp19C subunits are involved
in transcription and transcription-coupled repair (37). In
Drosophila, two Prp19 complexes exist that are homolo-

gous to the human PRP19/CDC5L and PRP19-associated
complexes (38). Drosophila Prp19C is associated with the
spliceosome and is required for splicing (39). Furthermore,
Prp19C is essential for Drosophila development and mu-
tation of its subunits causes different developmental de-
fects. For example, mutation of the subunit Fandango, the
homolog of yeast Syf1, disrupts blastoderm cellularization
(38), while mutation of CRN1, the homolog of yeast Syf3,
causes early embryonic lethality (40).

Despite many insights gained during the past couple of
years, the process of nuclear mRNP formation is still poorly
understood. Specifically, our knowledge about the multi-
ple interactions between the proteins and protein complexes
necessary to recruit mRNA binding proteins to the mRNA
in order to form an mRNP remains fragmentary. Inter-
estingly, U2AF65, the potential human homolog of the
yeast protein Mud2, recruits Prp19C to the nascent mRNA
by binding directly to the phosphorylated CTD as well as
Prp19C and thus enhances splicing in in vitro splicing as-
says with an SRSF1-CTD fusion protein that recruits the
CTD to the splicing substrate (41). During splicing Mud2
associates with the pre-mRNA early during spliceosome
assembly, recognizes––together with its binding partner
the branch-point binding protein BBP/Msl5––the branch
point (BP) sequence and bridges between the BP and the
U1 snRNP at the 5′ splice site (42–44). Here, we show that
Mud2 also interacts with Prp19C in S. cerevisiae. Further-
more, Mud2 is necessary to recruit Prp19C and TREX to
the transcribed gene in a S2 phosphorylation dependent
manner. Importantly, Mud2 is also recruited to intronless
genes and required for full transcriptional activity in vivo
and in vitro. Taken together, we uncover a novel role for
Mud2 in gene expression: Mud2 functions in transcription
most likely via recruitment of Prp19C and TREX.

MATERIALS AND METHODS

Strains, plasmids and primers

Yeast strains, plasmids and primers are listed in Supplemen-
tary Tables S1, S2 and S3, respectively.

Generation of antibodies

Antibodies against Drosophila melanogaster Prp19 (frag-
ment encompassing amino acids 1–232), Fandango (frag-
ment encompassing amino acids 542–750) and U2AF50
(fragment encompassing amino acids 1–415) were raised
by immunizing rabbits with the corresponding His6-tagged
protein fragments. These antibodies were affinity-purified
using the respective antigen coupled to cyanuric chloride-
activated sepharose (Supplementary Figure S4A–C).

Chromatin immunoprecipitation experiments

Chromatin immunoprecipitation (ChIP) experiments in S.
cerevisiae were performed according to (45) with some mod-
ifications. Briefly, 100 ml yeast culture in mid-log phase
were crosslinked. The lysate was sonicated using a Biorup-
tor UCD-200 (Diagenode) for 3 × 15 min (30 s ON/30 s
OFF) at ‘HIGH’ power setting with intermittent cooling re-
sulting in chromatin fragments of 200–250 bp. TAP-tagged
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proteins were immunoprecipitated with IgG-coupled Dyn-
abeads (tosylactivated M280, Thermo Scientific) for 2.5 h at
20◦C. For ChIPs of RNAPII and S2P, the monoclonal an-
tibody 8WG16 (Biolegend) or 3E10 (46), respectively, was
added for 1.5 h at 20◦C followed by 1 h incubation with
Protein G Dynabeads. For RNAPII ChIPs in the S2A mu-
tant a polyclonal antibody directed against the N-terminal
domain of Rpb1 (yN-18, Santa Cruz Biotechnology) was
added for 1.5 h at 20◦C followed by 1 h incubation with
Protein G dynabeads. A non-transcribed region (NTR1,
174131–174200 on chr. V) served as negative control. The
occupancy of each protein was calculated as its enrichment
at the respective gene relative to NTR1.

ChIP experiments with Drosophila Schneider 2 (S2)
cells were performed according to (47). The DNA was
crosslinked (1% formaldehyde, 15 min) and sheared to a
size of ∼300 base pairs (bp). Approximately 3 × 106 cells
and 10 �g of each antibody (RNAPII: Abcam) were used
for one experiment. The recovered DNA was analyzed by
qPCR with a Light Cycler 96 (Roche) at six positions along
the hsp70 gene: −168, −43, 648, 974, 1698 and 1940 bp. Se-
quences of the primers used are available on request. Each
ChIP was repeated at least five times. As negative control,
ChIP experiments with preimmune IgG were performed. To
induce expression of the hsp70 gene S2 cells were exposed to
heat shock for 20 min at 37◦C.

Protein purification

TAP-tagged proteins were purified from S. cerevisiae us-
ing the tandem affinity purification (TAP) technique as de-
scribed (13,29,48). To determine proteins co-purifying with
Mud2 a strain expressing flag-TEV-protA tagged Mud2 was
used (49). To assess the RNA-dependency of the interac-
tion, 100 �g/mL of RNase A (Sigma) were added to the
lysates during the incubation with IgG-coupled sepharose
beads. For the CTD binding assay Mud2, Pcf11 and the
Rix1 complex were purified until the TEV eluate using IgG-
coupled tosylactivated magnetic beads.

For the add-back transcription assays, Mud2 was either
purified from S. cerevisiae by TAP until the TEV eluate us-
ing the MUD2-TAP strain as described above, except that
the IgG-coupled sepharose beads were washed with TAP
buffer containing 250 mM NaCl after binding. To purify
recombinant Mud2, Mud2-His6 was expressed in E. coli
Rosetta 2 (DE3), and cells were lysed in lysis buffer (50
mM KPi pH 8.0, 200 mM NaCl, 0.1% Triton X-100, 10
mM ß-mercaptoethanol, protease inhibitors) using sonica-
tion. The lysate was incubated for 1 h at 4◦C with Ni-NTA
agarose beads (Qiagen) and applied to an ‘Econo-Column’
glass chromatography column (Biorad) equilibrated with
buffer. The column was washed 4 times with 1 ml wash
buffer (lysis buffer without Triton X-100; containing 20 mM
imidazole). Mud2 fractions were eluted from the column
using wash buffer with 150 mM imidazole. Peak fractions
were collected, aliquots frozen in liquid nitrogen and stored
at −80◦C.

For the immunoprecipitation experiments with
Drosophila proteins, Drosophila Schneider line 2 (S2)
cells were maintained at 25◦C in Schneider’s Insect
Medium (Sigma) containing 10% fetal bovine serum (Hy-

Clone, USA). To extract proteins, S2 cells were lysed in 10
mM HEPES, pH 7.9, 5 mM MgCl2, 0.5% NP-40, 0.45 M
NaCl, 1 mM DTT and complete protease inhibitor cocktail
(Roche). Immunoprecipitation was performed as described
previously (50). Treatment of the extract with DNase I
(USB, 0.6 U/ml) and RNase (Stratagene, 10 U/ml) was
performed at 37◦C for 20 min. In addition to the antibodies
generated for this study the following antibodies were used:
TAF3 antibody (51), RNAPII antibody (52), and S2P
antibody (Abcam, phospho S2, Ab5095).

CTD-peptide pulldown assay

Pulldown assays were performed as described in (28).
Briefly, TEV eluates from wild-type, MUD2-TAP, PCF11-
TAP and RIX1-TAP strains were incubated with non-
phosphorylated or S2 phosphorylated biotinylated CTD
peptides (PSL, Heidelberg) bound to Streptavidin-coupled
magnetic beads (M280, Invitrogen). After the binding re-
action, beads were washed four times. The peptide-bound
proteins were eluted by boiling the beads (98◦C) for 3 min
in 20 �l of 2× SDS sample buffer. Equal amounts of each
sample were loaded for Western blotting. Bound and un-
bound proteins were detected with an anti-CBP antibody
(Open Biosystems, CAB 1001).

Quantitative Western blots

To quantify the total amount of a protein, cells were grown
to mid-log phase and lysed by the NaOH method and pro-
teins precipitated with TCA (53). Equal amounts of to-
tal protein were separated by SDS-PAGE, and proteins
were detected with the corresponding primary antibody, a
horse radish peroxidase-coupled secondary antibody and
CheLuminate-HRP PicoDetect ECL solution (Applichem).
Bands were imaged using a ChemoCam Imager (Intas) and
quantified using the LabImage 1D Gel Analysis Software
(Intas).

In vivo transcription assay

Cells were grown in media containing raffinose to an OD600
of 0.8, and transcription from the GAL10 promoter was in-
duced by addition of 2% galactose for the indicated length
of time. Total cellular RNA was isolated from 25 ml cul-
tures by standard hot phenol extraction. The amount of
GAL10 mRNA, ACT1 mRNA and the RNAPIII transcript
SCR1 was measured by a primer extension assay using 5′-
Cy5-labeled reverse primers specific for GAL10, ACT1 and
SCR1 according to (29) with 10 �g, 5 �g and 5 �g of to-
tal RNA for GAL10, ACT1 and SCR1 reverse transcription
reactions, respectively. The cDNA was separated on a 7 M
urea 7% polyacrylamide gel and quantified using a Typhoon
9400 and ImageQuant software (GE Healthcare).

In vitro transcription assay and add back

Yeast nuclear extracts were prepared from 6 L cultures es-
sentially as described (54) with some modifications. The re-
suspension buffer contained 50 mM Tris pH 7.5, 20 mM
EDTA, 30 mM DTT. Cells were spheroplasted by adding 3
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ml resuspension buffer containing 18 mg Zymolyase-100T
(Seikagaku) and protease inhibitor cocktail (as used for
TAP). The protein concentration of each nuclear extract
was measured by Bradford and equal concentrations were
used from the wild-type and mutant cells for the in vitro
transcription assays.

In vitro transcription assays were performed with a plas-
mid template LL279 containing the HIS4 promoter (–428
to +24 respective to the start codon) as described previously
(29,54) with few changes. Transcription reactions were per-
formed in 50 �l volumes at 18◦C or 23◦C for 1 h. Each reac-
tion mixture contained 200 �g yeast nuclear extract, 200 ng
template plasmid, 0.1 M DTT, 64 mg/ml phosphocreatine,
transcription buffer (10 mM HEPES pH 7.6, 50 mM potas-
sium acetate, 0.5 mM EDTA, 2.5 mM magnesium acetate),
0.2 �g creatine phosphokinase, 10 U RiboLock RNase in-
hibitor (Fermentas), 200 ng recombinant Gcn4 and 100 �M
nucleoside triphosphates (NTPs). RNA was isolated with
a standard phenol chloroform extraction procedure. Tran-
scripts were analyzed by primer extension assays (54) using
a 5′-Cy5-labeled primer. Quantification was performed with
a Typhoon 9400 scanner and the ImageQuant software (GE
Healthcare).

Add-back experiments were performed by adding either
Mud2 purified from S. cerevisiae or recombinant Mud2 pu-
rified from Escherichia coli.

Analysis of PAR-CLIP data

RNA-Seq normalized PAR-CLIP data of mRNP biogene-
sis factors in S. cerevisiae (55) were downloaded from the
Gene Expression Omnibus (56) (GSE59676). CLIP sites
were intersected with the S. cerevisiae (sacCer3) from Sac-
charomyces Genome Database (SGD) (57) using Bedtools
(v.2.25.0) in a strand specific manner. The occupancy val-
ues for each factor were accumulated for the exonic re-
gion of intronless transcripts, i.e. the whole transcript, and
for intronic regions of intron-containing transcripts. Accu-
mulated occupancy values were further normalized to the
intronless and intronic region size, resulting in a normal-
ized occupancy value for both regions (intronless and in-
tronic) for each protein. The following number of intron-
less transcripts and introns contained CLIP tags for the re-
spective protein: Ist3 (intronless/intron: 3647/214), Luc7
(4942/230), Msl5 (5503/240), Mud1 (4301/219), Mud2
(5563/247), Nam8 (4644/221), Snp1 (3098/175), Hpr1
(5126/168), Nab2 (5411/206), Npl3 (5757/232).

Statistical analysis

All data are presented as average ± standard deviation (er-
ror bars) of at least three biologically independent exper-
iments. Asterisks indicate the statistical significance (Stu-
dent’s t-test; *P < 0.05 and **P < 0.01).

RESULTS

Mud2 is recruited to intron-containing and intronless genes in
a transcription-dependent manner

Previously, we showed that the splicing complex Prp19C
functions in transcription elongation and ensures occu-
pancy of TREX at transcribed genes (29). In HeLa cells,

Prp19C is recruited to the mRNA by U2AF65 in in vitro
splicing reactions, in which the CTD is tethered to the
splicing substrate by an SRSF1-CTD fusion protein (41).
Furthermore, deletion of MUD2, the potential homolog
of U2AF65 in S. cerevisiae, suppresses the lethal pheno-
type caused by deletion of SUB2, a TREX subunit (58).
Thus, we wanted to determine whether Mud2 is needed
for Prp19C and TREX occupancy at transcribed genes and
functions in transcription. If so, Mud2 should be recruited
to intron-containing as well as intronless genes, i.e. genes en-
coding transcripts that are not spliced. We tagged endoge-
nous Mud2 with the TAP-tag and performed chromatin im-
munoprecipitation (ChIP) experiments at four exemplary
intron-containing and four exemplary intronless genes (Fig-
ure 1A) to determine the occupancy of Mud2 at transcribed
genes. Mud2 is not only present at intron-containing genes
but also at intronless genes (Figure 1B). This is consistent
with the previous finding that Mud2 is present at the intron-
less PDR5 gene and binds intronless genes genome-wide
(59,60).

To determine whether Mud2 occupancy at the tran-
scribed gene is dependent on transcription we assessed
Mud2 occupancy at the regulatable GAL1 gene (Figure
1C, upper panel). In glucose-containing medium the GAL1
gene is repressed, whereas in galactose-containing medium
transcription of GAL1 is induced. Mud2 is not recruited
to the GAL1 gene under repressed conditions (Figure 1C,
dark-gray bars, glucose). When transcription is induced,
Mud2 occupancy at the GAL1 gene significantly increases
(Figure 1C, light-gray bars, galactose). Taken together,
Mud2 is recruited to intronless genes in a transcription-
dependent manner.

As Mud2 is an RNA-binding protein and recruited to in-
tronless genes, we wanted to know, whether Mud2 binds
to intronless mRNAs in vivo. PAR-CLIP experiments re-
vealed that Mud2 preferentially binds to unspliced, i.e.
not yet spliced, rather than spliced mRNAs in vivo (55).
Mud2 binds to the whole intronic sequence with a peak
at the pyrimidine/U-rich region 15 nt downstream of the
branchpoint (BP) sequence similar to the BP binding pro-
tein Msl5 and the U2 snRNP component Ist3, which bind
the whole intronic sequence with a peak at the BP and 27 nt
downstream of the BP, respectively (55). Thus, Mud2 binds
to introns in a manner similar to U2AF65, as U2AF65
binds to the polypyrimidine tract (61). However, this study
did not compare the binding intensity of Mud2 to intron-
containing versus intronless mRNAs. Thus, we calculated
the number of CLIP hits of Mud2 mapping to intronless
transcripts versus the intronic regions of intron-containing
transcripts normalized to the abundance of each transcript
and sequence length (Figure 1D and E). We did not include
Mud2 binding to the exonic sequences of intron-containing
transcripts in this analysis in order to avoid including spill-
over effects from intron binding as binding to exonic se-
quences and/or recruitment to exonic sequences based on
the presence of an intron. We compared the binding of
Mud2 to intronless transcripts and to intronic sequences to
the binding intensities of all the other splicing factors ana-
lyzed in the same study as well as the THO component Hpr1
and the nuclear mRNA-binding proteins Nab2 and Npl3
(Figure 1D and E). To compare the relative binding intensi-
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Figure 1. Mud2 is recruited to intronless genes in a transcription-dependent manner. (A) Scheme of the four exemplary intron-containing genes DBP2,
ACT1, RPS14B and RPL28 and four exemplary intronless genes PMA1, ILV5, CCW12 and RPL9B. Open reading frames (ORFs) are represented by
a solid line and introns by a hatched line. The bars above the genes indicate the position of the primers pairs used for analysis of the ChIP experiments.
5′: 5′ end of the ORF, M: middle, 3′: 3′ end, I: within the intron. (B) Mud2 is not only present at intron-containing but also at intronless genes. The
occupancy of Mud2 was analyzed at different positions of four exemplary intron-containing and four exemplary intronless genes by ChIP. The occupancy
was calculated as the enrichment of Mud2 at the respective gene relative to its presence at a non-transcribed region (NTR) that served as a negative
control (NTR1, 174131–174200 on chromosome V). (C) Recruitment of Mud2 to the gene is transcription-dependent. Occupancy of Mud2 at the GAL1
gene under repressive conditions (cells grown in glucose-containing medium; dark-gray bars) and induced conditions (cells grown in galactose-containing
medium; light-gray bars). Primer pairs amplify the 5′-, middle (M) and 3′-region of GAL1 as indicated in the top panel. (D–F) Mud2 binds to intronless
transcripts in vivo. Box plots of CLIP hits of Mud2, the splicing factors Ist3, Luc7, Msl5, Mud1, Nam8 and Snp1 as well as the nuclear mRNA-binding
proteins Hpr1, Nab2 and Npl3 at intronless transcripts (D) and at the intronic regions of intron-containing transcripts (E). Dashed lines show the lowest
and highest values in the dataset. The solid middle line indicates the median value of the data. Boxes mark the lower and upper quartiles, including smallest
25% or 75% of the data values that are smaller/greater than or equal to this characteristic value. The relative binding to intronless transcripts over intronic
sequences of intron-containing transcripts of each factor is given in the table (F).
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ties of all of these factors we calculated the ratio of binding
to intronless transcripts over intronic sequences of intron-
containing transcripts (Figure 1E). Compared to the other
splicing factors (Ist3, Luc7, Nam8, Snp1) Mud2 has the
highest ratio of binding to intronless mRNAs with the ex-
ception of its binding partner Msl5 (Figure 1D). However,
this ratio is even higher for the TREX component Hpr1
and the SR-like proteins Nab2 and Npl3, all of which func-
tion in nuclear mRNA packaging (Figure 1E). Within tran-
scripts Mud2 preferentially binds the 5′ region (55). Taken
together, Mud2 is recruited to intronless genes and binds to
intronless mRNAs in vivo.

Phosphorylation of serine 2 of the CTD is required for Mud2
and Prp19C occupancy in S. cerevisiae

Previously, it was shown in HeLa cells, that tethering of
the CTD of the largest subunit of RNA polymerase II
(RNAPII) to the splicing substrate enhances splicing by
recruitment of U2AF65, which in turn recruits the Prp19
complex (Prp19C) to the mRNA (41). Thus, we wanted to
assess whether Mud2 is also recruited to transcribed genes
in an S2 phosphorylation dependent manner. We performed
ChIP experiments of Mud2 in a serine 2 to alanine (S2A)
substitution mutant with nine wild-type and six S2A re-
peats compared to ‘wild-type’ cells that express Rpb1 with
14 wild-type repeats (62). Mud2 occupancy at these genes
is significantly decreased in the S2A mutant compared to
wild-type cells (Figure 2A). If Mud2 is needed for recruit-
ment of Prp19C to the gene (also see below), the occupancy
of Prp19C should also be decreased in this strain. Indeed,
occupancy of the Prp19C subunit Syf1 and thus most likely
the whole Prp19 complex is decreased in the S2A mutant
(Figure 2B). As expected, the occupancy of RNAPII con-
taining an S2 phosphorylated CTD decreases in the S2A
mutant (Figure 2C). In contrast, the decreased occupancy
of Mud2 and Prp19C is not due to decreased RNAPII oc-
cupancy as the latter is not significantly affected in the S2A
mutant (Figure 2D). Thus, serine 2 of the CTD is necessary
for recruitment of Mud2 and consequently the Prp19 com-
plex.

To test, whether Mud2 is recruited to transcribed genes
by binding to the S2 phosphorylated CTD, we performed in
vitro pulldown experiments. CTD peptides that were either
non-phosphorylated or phosphorylated on S2 were immo-
bilized on beads and incubated with Mud2 purified from
yeast (Supplementary Figure S1). Pcf11, a 3′ end process-
ing factor that binds to the S2 phosphorylated CTD, served
as positive control and the unrelated Rix1 complex, which
is required for processing of the 35S pre-rRNA, served as
negative control (63,64). Mud2 binds to the S2 phospho-
rylated CTD and very weakly to the non-phosphorylated
CTD (Figure 3, upper panel). This is consistent with the
observed binding of U2AF65 to the phosphorylated CTD
in vitro (41). However, it was also reported that U2AF65
binding to RNAPII is independent of CTD phosphoryla-
tion (65). In summary, Mud2 binds to the S2 phosphory-
lated CTD. Taken together with the requirement of S2 for
Mud2 occupancy in vivo (Figure 2A) S2 phosphorylation is
most likely needed for full occupancy of Mud2 and there-
fore Prp19C at transcribed genes in S. cerevisiae.

Mud2 interacts with Prp19C and is needed for Prp19C and
TREX occupancy

The decrease of both Mud2 and Prp19C occupancy in the
S2A mutant suggests that Mud2 recruits Prp19C to the
gene or vice versa. To assess whether Mud2 interacts phys-
ically with Prp19C in S. cerevisiae, we purified TAP-tagged
Mud2 by tandem affinity purification (TAP). Mud2 was
detected in Coomassie stainable amounts in the EGTA-
eluate (Supplementary Figure S2A). Proteins co-purifying
with Mud2 were identified by mass spectrometry (Supple-
mentary Figure S2B). To determine whether Prp19C cop-
urified with Mud2, we performed Western blots to detect
endogenous HA-tagged Prp19 (Figure 4A). Indeed, Prp19
and thus most likely the whole Prp19 complex copurifies
with Mud2 in vivo (Figure 4A, lane 3, upper panel), whereas
it is absent from the negative control, TAP of a strain ex-
pressing HA-tagged Prp19 but non-tagged Mud2 (Figure
4A, lane 4, upper panel). This is consistent with previous
findings that U2AF65, the potential human homolog of
Mud2, interacts with PRP19C in human cells and that the
Prp19C component Syf3 interacts with Mud2 in S. cere-
visiae (41,66). The interaction between Mud2 and Prp19C is
stable under higher salt concentrations, as Mud2 and Prp19
still copurify when the buffer contains 250 mM NaCl (Fig-
ure 4A, lane 3, negative control: lane 4, lower panel). Im-
portantly, the Mud2-Prp19C interaction is independent of
RNA as Prp19 copurifies with Mud2 when the extract is
treated with RNaseA (Figure 4A, lane 5; negative control:
lane 6). In contrast, RNaseA treatment abrogates or greatly
decreases copurification of the nuclear mRNA-binding pro-
teins Nab2 and Npl3 with Mud2 (Supplementary Figure
S2A, lower panel). Thus, Mud2 and Prp19C interact in an
RNA-independent manner in vivo.

To test whether Mud2 is needed for recruitment of
Prp19C to the gene, we performed ChIP experiments
with the Prp19C subunit Syf1 in cells deleted for MUD2
(Δmud2). Syf1 occupancy decreases at four exemplary
intron-containing and four exemplary intronless genes in
Δmud2 cells compared to wild-type cells (Figure 4B). Pre-
viously, we showed that Prp19C is required for TREX com-
plex occupancy (29). Thus, TREX occupancy should also
decrease in Δmud2 cells. As expected, the occupancy of
the TREX component Hpr1 decreases in Δmud2 cells (Fig-
ure 4C). The decrease in Prp19C and TREX occupancy
in Δmud2 cells is not caused by a decrease in the amount
RNAPII and thus the CTD at the gene, as the occupancy of
the RNAPII subunit Rpb1 does not change in Δmud2 cells
compared to wild-type cells (Figure 4D). The decreased
Prp19C and TREX occupancy is also not caused by a de-
crease in S2 phosphorylation as the latter stays constant in
Δmud2 cells (Figure 4E). In terms of total cellular protein
levels, deletion of MUD2 causes a slight increase in Syf1 lev-
els and a slight decrease is Rpb1 levels but does not change
Hpr1 levels (Supplementary Figure S2C). As total protein
levels are largely unaffected in Δmud2 cells this is not the
cause for the observed decrease in TREX and Prp19C oc-
cupancy. Furthermore, deletion of Mud2 specifically affects
the recruitment of Prp19C and TREX to transcribed genes
as the occupancy of the transcription elongation factors
Paf1 and Spt5 does not change in Δmud2 cells (Supplemen-
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Figure 2. Occupancy of Mud2 and the Prp19C component Syf1 requires S 2 phosphorylation. (A) Mud2 occupancy decreases in the rpb1-S2A mutant.
ChIP of Mud2 at two positions of intron-containing and intronless genes according to the scheme shown in Figure 1A and the experiment in Figure
1B. (B–D) The occupancy of the Prp19C subunit Syf1 and of RNAPII with an S2 phosphorylated CTD decreases in the rpb1-S2A mutant, whereas the
occupancy of the RNAPII subunit Rpb1 is not affected. ChIP experiments as in (A).
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Figure 3. Mud2 binds directly to the S2 phosphorylated CTD. The un-
related Rix1 complex served as negative and Pcf11 as positive controls for
CTD-S2P binding, respectively. Proteins were detected by Western blotting
against CBP. A representative experiment is shown.

tary Figure S3A and B). In addition, Prp19C is not needed
for Mud2 occupancy as the occupancy of Mud2 is not de-
creased in syf1-37 cells, in which the partial C-terminal dele-
tion of the Prp19C component Syf1 causes a decreased oc-
cupancy of Prp19C (29) (Supplementary Figure S3C). Like-
wise, TREX is not needed for Mud2 occupancy as Mud2
occupancy remains unchanged when the TREX compo-
nent HPR1 is deleted (Supplementary Figure S3D). Thus,
Mud2 acts ‘upstream’ of Prp19C and TREX. Taken to-
gether, Mud2 and Prp19C interact in vivo, and Mud2 is
required for full occupancy of the Prp19 and TREX com-
plexes.

The Mud2-Prp19C interaction and Mud2 occupancy at in-
tronless genes are conserved in D. melanogaster

To assess whether the interaction of Mud2 with Prp19C
is conserved in other organisms we chose Drosophila
melanogaster as a model organism as it is one of the most
elaborate model organisms among higher eukaryotes to
study gene expression. To assess copurification of Mud2
and the Prp19 complex antibodies were raised against the
Prp19C subunits Prp19 and Fandango (the D. melanogaster
homolog of Syf1) and against U2AF50, the D. melanogaster
homolog of Mud2 (Supplementary Figure S4A–C). Prp19
and Fandango coimmunoprecipitated each other from S2
cell extracts (Figure 5A, left panel) showing that also in D.
melanogaster these two Prp19C subunits interact with each
other. Importantly, Prp19 as well as Fandango also coim-
munoprecipitated U2AF50 and, vice versa, U2AF50 coim-
munoprecipitated Prp19 and Fandango (Figure 5A, left
panel). In contrast, the unrelated protein TAF3, a subunit
of the transcription initiation factor TFIID, does not inter-
act with Prp19C components (Figure 5A, left panel). Fur-
thermore, the interaction between Prp19C and Mud2 is in-
dependent of RNA and DNA since these proteins still coim-
munoprecipitate when the extract is treated with RNase and
DNase (Figure 5A, right panel, and Supplementary Figure
S4D). Thus, Prp19C also interacts with Mud2 in Drosophila
indicating that their function is also conserved.

In addition to the interaction between U2AF50 and
Prp19C, we also assessed whether U2AF50 interacts with
RNAPII in its S2 phosphorylated form in Drosophila. In-
deed, U2AF50 copurifies RNAPII and RNAPII with an S2
phosphorylated CTD from Drosophila extracts (Figure 5B).
Thus, the interaction between Mud2 and the S2 phospho-
rylated CTD of RNAPII is most likely conserved.

Next, we wanted to determine whether Prp19C and
Mud2/U2AF50 are also recruited in a transcription-
dependent manner to intronless genes in D. melanogaster.
To do so, the occupancy of Prp19, Fandango, U2AF50 and
RNAPII was assessed at the heat shock inducible Hsp70
gene. Under non-induced conditions, RNAPII is poised at
the promoter, but absent from the gene body (Figure 5C,
RNAPII, dark-gray bars). Prp19 and Fandango are ab-
sent from the promoter as well as the gene body, whereas
U2AF50 is present at the promoter but absent from the
gene body similar to RNAPII (Figure 5C, Prp19, Fan-
dango, U2AF50, dark-gray bars). When expression of the
Hsp70 gene is induced by heat shock, Hsp70 is transcribed
as reflected by the increased occupancy of RNAPII at the
promoter and throughout the ORF (Figure 5C, RNAPII,
light-gray bars). In addition, the occupancies of Prp19,
Fandango and U2AF50 increase significantly (Figure 5C,
light-gray bars). Thus, the Prp19C and Mud2 are recruited
to an intronless gene in a transcription-dependent man-
ner in D. melanogaster. Taken together, the interaction of
Prp19C and Mud2 and Mud2’s presence at intronless genes
is conserved from yeast to Drosophila. Thus, the function of
Mud2 in mRNA biogenesis is most likely conserved.

Mud2 functions in transcription

The interaction of Mud2 with Prp19C, which functions in
transcription elongation, Mud2’s necessity for Prp19C oc-
cupancy and its presence at intronless genes indicate a func-
tion of Mud2 in transcription. To get a first indication for
a function of Mud2 in transcription, we tested Δmud2 cells
for sensitivity to 6-azauracil (6AU). 6AU decreases the in-
tracellular pools of the nucleotides GTP and UTP and thus
impairs transcription elongation. Cells deleted for MUD2
show sensitivity to 6AU (Figure 6A). This 6AU sensitivity
of Δmud2 cells is most likely not a secondary effect of im-
paired splicing as cells deleted for the splicing factors Snu66
(component of the U4/U6.U5 snRNP), Lea1 (a compo-
nent of U2 snRNP), Lin1 (a component of the U5 snRNP),
Nam8 (a component of the U1 snRNP) or Mud1 (a com-
ponent of the U1 snRNP) are not 6AU sensitive (Figure
6A). In contrast, the 6AU sensitivity of Δmud2 cells indi-
cates that Mud2 is indeed needed for transcriptional activ-
ity possibly during elongation. The 6AU sensitivity caused
by deletion of MUD2 is as strong as the one caused by dele-
tion of DST1, the gene coding for the transcription elon-
gation factor TFIIS (Figure 6B). Interestingly, deletion of
both genes, MUD2 and DST1, causes a synthetically en-
hanced 6AU sensitivity (Figure 6B) providing genetic evi-
dence that Mud2 functions in the same process as Dst1 but
in a different manner. This is supported by the finding that
deletion of MUD2 or deletion of DST1 cause a defect in
co-transcriptional splicing, but at a different step of spliceo-
some assembly: by decreased recruitment of the U1 snRNP
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Figure 4. Mud2 interacts with Prp19C in vivo and is required for Prp19C and TREX occupancy. (A) Mud2-TAP was purified by tandem affinity purification
(TAP). Copurification of the Prp19C subunit Prp19 with Mud2 in the EGTA eluate (EGTA-E) was assessed by Western blotting against the HA-tag on
Prp19 (�-HA). TAPs were performed with standard (100 mM NaCl) and increased (250 mM NaCl) salt concentrations, and the RNA dependence of the
interaction was tested by addition of RNase (+ RNaseA). A non-TAP-tagged PRP19-HA strain served as negative control. IN: input. (B) The occupancy
of the Prp19C component Syf1 decreases in the Δmud2 mutant. Syf1 occupancy was analyzed at the 3′ ends of four exemplary intron-containing and four
exemplary intronless genes by ChIP as in Figure 1B and C. (C–E) The occupancy of the TREX subunit Hpr1 decreases in the Δmud2 mutant, whereas the
occupancy of the RNAPII subunit Rpb1 and the level of S2 phosphorylation are not affected. ChIP experiments as in (B).

in Δmud2 cells and probably at a later stage of spliceosome
assembly in Δdst1 cells (67). However, given the 6AU sen-
sitivity of the Δmud2 strain this co-transcriptional splic-
ing defect in both Δmud2 and Δdst1 cells could also reflect
a defect in transcription elongation caused by deletion of
MUD2.

Based on this 6AU sensitivity phenotype we could test,
which domains of Mud2 are needed for its function (Sup-
plementary Figure S5A). Thus, we constructed six partial

deletion mutants of Mud2 (Supplementary Figure S5A).
As only the deletion mutant that contains the two potential
RRMs and the RRM of Mud2 complements the 6AU sensi-
tivity of the Δmud2 deletion strain (Supplementary Figure
S5B), only the less conserved N-terminal domain is dispens-
able for Mud2 function as assessed by this assay.

To obtain more direct evidence that Mud2 functions in
transcription, we tested whether deletion of MUD2 affects
transcription in vivo. To assess mRNA synthesis in vivo
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Figure 5. Mud2 interacts with Prp19C and is recruited to an intronless gene in D. melanogaster. (A) U2AF50, the Drosophila homolog of Mud2, interacts
with the Prp19C complex components Prp19 and Fandango, the Drosophila homolog of Syf1. Prp19, Fandango or U2AF50 were immunoprecipitated with
antibodies directed against the respective protein and (co-)purification in the immuno precipitate (IP) assessed by Western blotting (left panel). As negative
control served TAF3, a subunit of the transcription initiation factor TFIID (left panel). The interactions between U2AF50, Prp19 and Fandango are
independent of RNA and DNA as these proteins also copurify, when the extract is treated with RNase and DNase (right panel). (B) U2AF50 interacts with
RNAPII in its S2 phosphorylated state in vivo. IP experiment and Western blots as in A using antibodies directed against RNAPII, the S2 phosphorylated
CTD and U2AF50. (C) U2AF50, Prp19 and Fandango are recruited to the intronless Hsp70 gene in a transcription-dependent manner. ChIP experiments
were performed with antibodies directed against U2AF50, Prp19, Fandango and RNAPII under non-induced (NHS: non-heat shock, dark-gray bars) and
induced (HS: heat shock, light-gray bars) conditions. The position of the primer pairs used to determine the co-immunoprecipitated DNA at two positions
in the promoter (P1, P2) and four positions in the ORF (M1–M4) of the Hsp70 gene are indicated in the top left panel.
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Figure 6. Mud2 functions in transcription. (A) Deletion of MUD2 causes 6AU sensitivity. Ten-fold serial dilutions of wild-type (WT, BY background),
Δmud2, Δsnu66, Δlea1, Δlin1, Δnam8 and Δmud1 cells were spotted on SDC(-ura) plates containing solvent (–6AU) or 50 �g/ml 6AU (+6AU) and incu-
bated for 2–3 days at 30◦C. (B) Δmud2 is synthetically lethal with Δdst1 in the presence of 6AU. Ten-fold serial dilutions of wild-type (WT, BY background),
Δmud2, Δdst1 and Δmud2 Δdst1 strains were spotted on SDC(-ura) plates containing solvent (–6AU) or 50 �g/ml 6AU (+6AU) and incubated for 2–3
days at 30◦C. (C) Mud2 is required for efficient mRNA synthesis in vivo. Expression of the endogenous, intronless GAL10 gene and the plasmid-encoded,
intron-containing ACT1 gene driven by the GAL10 promoter was induced for 5, 10, 20 and 30 min by the addition of galactose. Total RNA was extracted
and the amount of GAL10 and ACT1 mRNA as well as the RNAPIII transcript SCR1, which served as loading control, determined by primer extension.
One exemplary experiment is shown (left panel). The amount of GAL10 and ACT1 mRNA at the different time points of three independent experiments
in wild-type (WT) and Δmud2 cells was quantified and normalized to the levels of the RNAPIII transcript SCR1. Values for wild-type cells 5 minutes
after induction were set to 1 (right panel). (D) Deletion of MUD2 causes a transcription defect in vitro. The transcription activity of wild-type (WT) and
Δmud2 cell extracts was assessed at 18 and 23◦C by an in vitro transcription assay using a template containing a HIS4 promoter (left panel). The amount
of synthesized RNA of three independent experiments is shown (right panel). (E) Add-back of recombinant Mud2 increases the transcription activity of
a Δmud2 extract. In vitro transcription assay as in (D) with 50 and 300 ng of Mud2 added to the transcription reaction (left panel). The quantification of
three independent experiments is shown (right panel).
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we used two reporter genes, both of which are driven by
the galactose-inducible GAL10 promoter: the endogenous,
intronless GAL10 gene and the intron-containing ACT1
gene. Δmud2 and wild-type cells were grown in raffinose-
containing medium, and expression of both reporter genes
was induced with galactose. RNA was isolated from both
strains before induction and 5, 10, 20 and 30 min after in-
duction, and the amount of synthesized GAL10 and ACT1
mRNA was quantified (Figure 6C, left panel). The levels
of GAL10 and ACT1 mRNA are significantly decreased in
the Δmud2 strain compared to the wild-type strain (Figure
6C, right panel). Thus, Mud2 is needed for the synthesis of
normal levels of intron-containing and intronless mRNA in
vivo.

To corroborate this in vivo finding and to determine
whether the function of Mud2 in transcription is direct,
we performed in vitro transcription experiments. To do this,
we used nuclear extracts of wild-type and Δmud2 cells and
a plasmid-based in vitro transcription assay with a HIS4
promoter (29). Δmud2 extracts had a significantly lower
transcriptional activity than wild-type extracts at 18 and
23◦C (Figure 6D). To assess whether the function of Mud2
in transcription suggested by this experiment is direct, we
performed add-back experiments. For the add-back highly
purified, recombinant Mud2 purified from E. coli or en-
dogenous Mud2 purified from S. cerevisiae was used (Sup-
plementary Figure S6A and B). Addition of increasing
amounts of Mud2 to the in vitro transcription reaction con-
sistently increased the transcriptional activity of the Δmud2
extract in a dose-dependent manner (recombinant Mud2:
Figure 6E; Mud2 purified from S. cerevisiae: Supplemen-
tary Figure S6C). Importantly, RNAPII was not associ-
ated with Mud2 purified from S. cerevisiae under high salt
conditions (Supplementary Figure S6D), and thus did not
cause the stimulatory effect observed for addition of Mud2.
The stimulatory effect of Mud2 was quite low indicating
that the purified protein might be misfolded or that the ex-
tract of Δmud2 cells lacks another activity than the one
of Mud2. Nevertheless, the above results show that Mud2
functions directly in transcription. Taken together, we show
that Mud2 functions in S. cerevisiae to recruit the Prp19
and TREX complexes to the gene, which in turn is proba-
bly the underlying mechanism for Mud2’s function in tran-
scription. Furthermore, this function of Mud2 is probably
conserved in evolution.

DISCUSSION

The TREX complex plays crucial roles in transcription
elongation, nuclear mRNP packaging and nuclear mRNA
export. To fulfill these diverse functions and to couple
transcription to nuclear mRNA export, TREX is already
recruited to the transcribed gene in S. cerevisiae (13). Re-
cruitment of TREX to the transcribed gene is mediated by
its direct binding to the phosphorylated CTD (28). Sec-
ond, TREX occupancy depends on the Prp19 splicing com-
plex (29). The C-terminal domain of the Prp19C compo-
nent Syf1 mediates the interaction between Prp19C and the
transcription machinery (29). Here, we show that Mud2
is required for Prp19C and thus TREX occupancy in S.
cerevisiae. Mud2 might recruit these two complexes to the

S2P
RNAPII

S2P

Mud2

THO Yra1
Sub2

TREX

S2P

PRP19C 

Syf1

Figure 7. Model of Mud2’s functions in transcription and nuclear mRNP
packaging. Mud2 is recruited to the transcription machinery by the S2
phosphorylated CTD. Mud2 also interacts with Prp19C and thus recruits
this complex to the transcribed gene. Prp19C in turn is needed to maintain
the occupancy of TREX, which also interacts directly with the S2 phos-
phorylated CTD. Mud2 is probably necessary for nuclear mRNP packag-
ing as it recruits Prp19C and TREX to the mRNA. This in turn most likely
causes the positive effect of Mud2 on transcription as the nascent mRNA
is adequately bound by RNA-binding protein and thus does not hamper
efficient transcription.

mRNA based on the finding that Mud2 not only binds
to intronic sequences of pre-mRNAs but also to intronless
mRNAs in S. cerevisiae ((55) and Figure 1D–F). Interest-
ingly, of all the splicing factors Msl5 has the highest ra-
tio for binding to intronless transcripts versus intronic se-
quences of intron-containing transcripts (Figure 1F). Thus,
Msl5 might also be involved in recruitment of Prp19C and
TREX. In addition, Mud2 and Msl5 tend to cooccupy tran-
scripts with Hpr1, Hrb1, Nab2 and Npl3 (55) further in-
dicating that Mud2 and Msl5 might function in nuclear
mRNP formation. Furthermore, U2AF50, the Drosophila
homolog of the yeast Mud2, associates with transcripts de-
rived from intronless genes and is necessary for the nu-
clear export of intronless mRNAs (68). In human, U2AF65,
Prp19C and TREX bind to the so called CAR-E, an RNA
consensus element that mediates the export of intronless
mRNAs (69). Thus, Mud2 might not only recruit Prp19C
and TREX to the transcribed gene but also to the mRNA.

Prp19C interacts with the transcription machinery via
at least two interaction sites: Mud2 and the Prp19C sub-
unit Syf1 (Figure 7). Mud2 interacts directly with the S2
phosphorylated CTD, whereas Prp19C interacts via the
C-terminus of Syf1––directly or indirectly––with RNAPII
(29). Consistent with this model, Prp19C occupancy de-
creases to 50% in Δmud2 cells as well as in syf1-37 cells,
which lack the C-terminus of Syf1. Likewise, the occupancy
of TREX most likely depends on at least two interaction
sites: the CTD and Prp19C/Mud2 (Figure 7). Consistent
with this model, there is also only a partial decrease in
TREX occupancy in CTD mutants as well as in MUD2 or
SYF1 mutants. Furthermore, as expected when Mud2 and
Syf1 provide two independent anchor sites for TREX to the
transcription machinery, combining the deletion of MUD2
with the syf1-37 mutation, which leads to reduced associa-
tion of Prp19C with the transcription machinery, causes a
synthetic lethal phenotype (Supplementary Figure S7). In-
terestingly, with the exception of an interaction of Mud2
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with the cap-binding complex (70) all of these interactions
ultimately require the CTD and are regulated by its phos-
phorylation, again pointing to the pivotal role of this coor-
dinator in the transcription cycle (see introduction).

In contrast to U2AF50 in D. melanogaster, which is es-
sential and necessary for the nuclear export of intronless
mRNAs (68,71), Δmud2 cells do not show an mRNA ex-
port defect in S. cerevisiae (data not shown and (72)). This
might be the reason why Mud2 is not essential in yeast.
The absence of an obvious mRNA export defect in Δmud2
cells is consistent with the ∼50% occupancy of Prp19C and
TREX at transcribed genes in Δmud2 cells compared to
wild-type cells. Likewise, syf1-37 cells, which show a 50%
occupancy of Prp19C and TREX, also do not exhibit an
mRNA export defect (29). Thus, a lower amount of Prp19C
and TREX at the transcribed gene is sufficient for nuclear
mRNA export. This might at least partially be due to the
fact that the rate of mRNA synthesis is also reduced in these
mutant cells (also see below).

Both TREX and Prp19C are required for efficient tran-
scription. Thus, consistent with a function in Prp19C and
TREX occupancy, Mud2 is also required for full transcrip-
tional activity as indicated by its sensitivity to 6AU and
the decrease in transcriptional activity observed for Δmud2
cells in vitro and in vivo. Since the transcription defect of
Δmud2 cells can be partially rescued by add-back of puri-
fied Mud2 the function of Mud2 in transcription is prob-
ably direct. Thus, we show for the first time that Mud2 is
involved in transcription. During transcription, Mud2 most
likely functions during transcription elongation as indicated
by its 6AU sensitivity and its synthetically lethal phenotype
when combined with deletion of DST1 in the presence of
6AU as well as its requirement for Prp19C and TREX occu-
pancy since both complexes function in transcription elon-
gation. As the complementation of the 6AU sensitive phe-
notype of Δmud2 cells requires the RRM and the two po-
tential RRMs of Mud2 (Supplementary Figure S5), these
three RRMs are probably needed for Mud2’s function in
transcription. Due to impaired transcription elongation, to-
tal RNAPII levels slightly decrease in Δmud2 cells (Sup-
plementary Figure S2C). This might be due to degradation
of Rpb1 as shown for other mutants that impair transcrip-
tion elongation (53). This decrease was neither observed
for RNAPII occupancy nor S2 phosphorylation (Figure 2C
and D), probably due to different sensitivities of the two
methods or that the chromatin-bound fraction is not af-
fected by the slight decrease in total RNAPII levels. Taken
together, Mud2 most likely functions in transcription elon-
gation by ensuring full Prp19C and TREX occupancy at the
gene.

The function of Mud2 is probably largely conserved
throughout evolution. In humans, U2AF65 interacts with
the phosphorylated CTD and recruits Prp19C to the
mRNA in in vitro splicing reactions, in which the CTD
is tethered to the splicing substrate by an SRSF1-CTD
fusion protein (41). Here, we show that in Drosophila
U2AF50 interacts with Prp19C in vivo (Figure 5A). Fur-
thermore, U2AF50 is recruited to the intronless Hsp70
gene in a transcription-dependent manner. Interestingly,
U2AF50 stalls at the promoter similar to poised RNAPII
under non-induced conditions suggesting that it interacts

with poised RNAPII. Under induced conditions the pro-
files of Fandango and U2AF50 resemble the profile of
RNAPII suggesting that Fandango ‘joins’ RNAPII at the
promoter. In contrast, Prp19 shows a different profile (Fig-
ure 5C). Thus, similar to humans, which probably have
three different Prp19C complexes, there might be differ-
ent Prp19 complexes in Drosophila. It remains to be shown
whether U2AF65/U2AF50––in humans, Drosophila and
other higher eukaryotes––also functions in Prp19C as well
as TREX recruitment and in transcription.

The different steps of gene expression are coupled. The
bona fide function of Mud2 is in splicing (42–44). Here, we
show that Mud2 is also necessary for Prp19C and TREX
occupancy as well as efficient transcription. Since Mud2 is
necessary for Prp19C and TREX occupancy, it likely also
functions in nuclear mRNP packaging. Although, it needs
to be determined whether Mud2 is involved in the cou-
pling or coregulation of all or some of the processes it is
involved in, Mud2 might coordinate transcription, splicing
and nuclear mRNA export by recruitment of the two impor-
tant protein complex Prp19C and TREX to the transcribed
gene and the synthesized mRNA. Interestingly, deletion of
MUD2 rescues the lethal phenotype of Δsub2 cells suggest-
ing together with other findings that Sub2 functions to re-
move Mud2 during splicing (58). However, this genetic in-
teraction might also reflect the functions of Mud2 and Sub2
in transcription and nuclear mRNP biogenesis. Further-
more, Mud2 interacts genetically and biochemically with
Nab2, a nuclear mRNA binding protein involved in splic-
ing, nuclear mRNP packaging and poly(A)tail length con-
trol (72,73). Furthermore, the vertebrate homolog of Nab2,
ZC3H14, physically interacts with U2AF65 (72). The inter-
action between Nab2 and spliceosome components proba-
bly serves as a control mechanism to ensure that only prop-
erly processed mRNAs are exported out of the nucleus (72).
As U2AF65 binds to the phosphorylated CTD and recruits
Prp19C to the pre-mRNA, it was proposed to bridge tran-
scription with spliceosome assembly (41). These findings
further indicate that Mud2 might play a pivotal role not
only in different nuclear steps of gene expression but also
in the coordination of these steps.
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Supplementary Data are available at NAR Online.
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