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ABSTRACT

Mdm30, an F-box protein in yeast, has been recently shown to promote mRNA export. However, it remains unknown howMdm30
facilitates mRNA export. Here, we show that Mdm30 targets the Sub2 component of the TREX (Transcription/Export) complex for
ubiquitylation and subsequent proteasomal degradation. Such a targeted degradation of Sub2 enhances the recruitment of the
mRNA export adaptor, Yra1, to the active genes to promote mRNA export. Together, these results elucidate that Mdm30
promotes mRNA export by lowering Sub2’s stability and consequently enhancing Yra1 recruitment, thus illuminating new
regulatory mechanisms of mRNA export by Mdm30.
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INTRODUCTION

In eukaryotes, mRNA is exported from the nucleus to the
cytoplasm for translation into protein. Nuclear export of
mRNA is a highly regulated process, and its misregulation
is linked to an altered pattern of gene expression. The tran-
scription/export (TREX) complex plays a key role in nuclear
export of mRNA (Strässer et al. 2002; Carmody and Wente
2009). It is evolutionarily conserved among eukaryotes and
consists of two mRNA export factors and the THO complex.
In yeast, these export factors are Sub2 (human homolog,
UAP56) and Yra1 (human homolog, ALY). On the other
hand, the THO complex that is involved in transcriptional
elongation contains four nonessential subunits, namely,
Hpr1, Thp2, Tho2, and Mft1 (Chavez et al. 2000; Jimeno
et al. 2002; Rondón et al. 2003; Rehwinkel et al. 2004). In ad-
dition, Tex1, a nonessential protein of unknown function,
has been shown to be associated with THO (Strässer et al.
2002). Thus, THO, Tex1, Sub2, and Yra1 constitute the
TREX complex. However, Hurt et al. (2004) have also impli-
cated two poly(A)+ RNA-binding proteins, namely, Hrb1
and Gbp2, as TREX subunits.
The THO complex is recruited to the genes during tran-

scriptional elongation and plays an important role to load
Sub2 and Yra1 (Hammell et al. 2002; Strässer et al. 2002;
Zenklusen et al. 2002; Rondón et al. 2003; Kim et al. 2004).
Sub2 interacts directly with the Hpr1 component of THO,
and hence, Hpr1 helps to recruit Sub2 onto the active genes

(Zenklusen et al. 2002). Sub2, in turn, recruits Yra1 to the ac-
tively transcribing genes. Yra1 functions as an export adaptor
for transferring mRNA to the export receptor, Mex67
(Strässer and Hurt 2000; Stutz et al. 2000; Kashyap et al.
2005). Once Yra1 is recruited, Sub2 dissociates from it, there-
by allowing the interaction of Yra1 withMex67 (Strässer et al.
2002). This interaction is mutually exclusive as Sub2 and
Mex67 compete for binding to the two domains of Yra1
(Strässer and Hurt 2001). However, one Yra1 molecule could
also theoretically interact with Sub2 and Mex67 at the same
time, since each of the two domains of Yra1 can indepen-
dently interact with Sub2 and Mex67 (Strässer and Hurt
2001). Following interaction with Yra1, Mex67 exports
mRNA through nuclear pore complex. Thus, transcription
and nuclear export of mRNA are tightly coupled, and Sub2
and Yra1 play key regulatory roles in this transcription-
coupled process of mRNA export. An additional link between
transcription and mRNA export has also been established
with the identification of another transcription-coupled
export complex, TREX-2, in yeast (Fischer et al. 2002;
Dieppois and Stutz 2010). TREX-2 is composed of Sac3,
Thp1, Cdc31, and Sus1. However, Sus1 has also been identi-
fied as a bona fide component of the transcriptional coactiva-
tor SAGA (Spt3-Ada-Gcn5-acetyltransferase), and has been
demonstrated to serve as a link between transcriptional
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activation and mRNA export. Therefore, mRNA export is
coupled to both transcriptional activation and elongation.

Since ubiquitylation has been implicated in transcription,
transcription-coupled mRNA export is likely to be regulated
by ubiquitylation directly and/or indirectly. Indeed, previous
studies (Duncan et al. 2000; Neumann et al. 2003; Rodriguez
et al. 2003; Gwizdek et al. 2005; Iglesias et al. 2010) have dem-
onstrated the direct roles of twoHECTdomain-containing E3
ubiquitin ligases, namely Tom1 and Rsp5, inmRNA export in
yeast. Recently, we have demonstrated thatMdm30, an F-box
protein, is also involved in stimulation of nuclear export of
mRNA in yeast (Durairaj et al. 2009; Shukla et al. 2009). An
F-box is a conserved protein motif of ∼50 amino acids (Bai
et al. 1994, 1996; Jonkers and Rep 2009) and functions as a
component of SCF (Skp1-Cul1-F-box-protein) ubiquitin li-
gase complex to facilitate the interaction between substrate
and ubiquitin conjugating enzyme for covalent transfer of
ubiquitin onto substrate (Bai et al. 1996; Skowyra et al. 1997;
Reed 2003; Yen and Elledge 2008; Jonkers and Rep 2009).
Like other F-box proteins, Mdm30 copurifies with SCF com-
ponents (Uetz et al. 2000; Kus et al. 2004; Cohen et al. 2008;
Lackner and Nunnari 2009) and is involved in ubiquitylation
and proteasomal degradation of Fzo1 and Mdm34 for the
maintenance of fusion competent mitochondria (Fritz et al.
2003; Meeusen and Nunnari 2005; Cohen et al. 2008; Ota
et al. 2008; Livnat-Levanon and Glickman 2011). Addition-
ally, Mdm30 is involved in regulation of transcription via
ubiquitylation and consequent proteasomal degradation of
transcriptional activator (Gal4) or its negative regulator
(Muratani et al. 2005; Ang et al. 2012). However, it is yet
unknown how Mdm30 facilitates mRNA export. Here, we
show that Mdm30 promotes mRNA export by enhancing
the recruitment of Yra1 to the active genes via ubiquitylation
and proteasomal degradation of Sub2, thus deciphering new
regulatory mechanisms of mRNA export.

RESULTS AND DISCUSSION

The stability/abundance of the Sub2 component of the
TREX complex is enhanced in the absence of Mdm30

Mdm30 is involved inmitochondrial fusion via ubiquitylation
and proteasomal degradation of Fzo1 andMdm34 (Fritz et al.
2003;Meeusen andNunnari 2005; Cohen et al. 2008;Ota et al.
2008; Livnat-Levanon andGlickman2011). Likewise,Mdm30
might be targeting some component of mRNA export ma-
chinery forubiquitylation and subsequent proteasomal degra-
dation to promote mRNA export. If Mdm30 is involved in
degradation of a specific component of mRNA export ma-
chinery, the stability of that particular component would be
enhanced in the absence of Mdm30. To test this possibility,
we analyzed the global levels of the TREX components in
the presence and absence of Mdm30. In this direction, we
tagged the TREX components by Myc or HA epitope at the
C-terminals in their chromosomal loci in the Δmdm30 strain

and its isogenic wild-type equivalent, and then determined
their global levels by Western blot assay. We found that the
global levels of Hpr1, Mft1, Tho2, and Thp2 were not altered
in the Δmdm30 strain in comparison to the wild-type equiv-
alent (Fig. 1A). The level of actin was monitored as a loading
control, and its level was not changed in the Δmdm30 strain
(Fig. 1A). Thus, Mdm30 does not regulate the abundances
of Hpr1, Mft1, Tho2, and Thp2. Similarly, the global level
of Yra1 was not altered in the Δmdm30 strain (Shukla et al.
2009). Intriguingly, we found that the global level of Sub2
was significantly elevated in the absence of Mdm30 (Fig.
1B). However, the level of actin was not increased in the
Δmdm30 strain in comparison to the wild-type equivalent
(Fig. 1B). These results support that the stability/abundance
of the Sub2 component of the TREX complex is enhanced
in the absence of Mdm30. However, such an increased stabil-
ity of Sub2 in the absence of Mdm30 could be due to an en-
hanced transcription of SUB2. To test this possibility, we
next analyzed the SUB2 mRNA levels in the Δmdm30 and
wild-type strains by reverse transcriptase–PCR (RT-PCR) as-
say. We found that the SUB2 mRNA level was not altered
in the Δmdm30 strain in comparison to the wild-type equiva-
lent (Fig. 1C). As a loading control, we analyzed the ADH1
mRNA levels in the Δmdm30 and wild-type strains (Fig. 1C)
since transcription of ADH1 is not changed in the absence
of Mdm30 (Shukla et al. 2009). We found that the ADH1
mRNA level was not altered in the Δmdm30 strain (Fig. 1C).
Further, we analyzedGAL7 as a control for possibleDNA con-
tamination as done previously (Malik et al. 2013), sinceGAL7
gene is not expressed in dextrose-containing growth medium
(Malik et al. 2013). We did not observe a PCR signal, when
the primer pair targeted to the GAL7 coding sequence was
used in amplifying cDNA in the RT-PCR analysis (Fig. 1C).
These results indicate the absence of DNA contamination
in our mRNA analysis. Collectively, our results support that
Mdm30 regulates the abundance of Sub2 at the protein level,
but not at the level of mRNA or transcription.

Sub2 is ubiquitylated by Mdm30
for proteasomal degradation

Mdm30 has been shown to be copurified with other compo-
nents of SCF ubiquitin ligase to ubiquitylate its targets such as
Fzo1 and Mdm34 for proteasomal degradation (Fritz et al.
2003; Meeusen and Nunnari 2005; Cohen et al. 2008; Ota
et al. 2008; Livnat-Levanon and Glickman 2011). Likewise,
Mdm30 might be regulating Sub2’s stability via ubiquityla-
tion and proteasomal degradation. To test this, we first ana-
lyzed whether Sub2 is degraded by the 26S proteasome. For
this purpose, we tagged Sub2 by HA epitope at its C-terminal
in the chromosomal locus in the wild-type and temperature-
sensitive (ts) mutant strains of Rpt4, an essential component
of the 26S proteasome for its proteolytic activity (Rubin et al.
1998; Russell et al. 2001; Bhaumik and Malik 2008). Using
these strains, we determined the global levels of Sub2 in the
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rpt4-ts (sug2-ts) mutant and wild-type strains at the nonper-
missive temperature. We found that the global level of Sub2
was dramatically enhanced in the rpt4-ts mutant strain

(Fig. 1D). However, the level of actin
was not changed in the rpt4-ts mutant
strain in comparison to the wild-type
equivalent (Fig. 1D). Thus, Sub2 has
much higher turnover than actin, and
such turnover is impaired in the rpt4-ts
mutant strain. Therefore, our results in-
dicate that the proteasome is involved
in the degradation of Sub2, and hence,
the stability/abundance of Sub2 is in-
creased in the rpt4-ts mutant strain.

Since the proteasome is involved in
targeted degradation of the ubiquity-
lated-proteins (Bhaumik and Malik
2008), Sub2 is thus likely to be ubiquity-
lated for its proteasomal degradation in
the presence of Mdm30. To test this pos-
sibility, we analyzed the ubiquitylation
status of Sub2 in the Mdm30 wild-type
strain. In this direction, we introduced
a plasmid expressing hexahistidine-
tagged ubiquitin under the CUP1 pro-
moter (pUB221) in the wild-type strain
expressing HA-tagged Sub2. Using this
strain, we performed the ubiquitylation
assay as described previously (Muratani
et al. 2005). Ubiquitin and ubiquitylated
proteins were precipitated from the
whole-cell extract using Ni2+-NTA aga-
rose beads that bind to hexahistine tag at-
tached to ubiquitin. The precipitate was
analyzed by Western blot assay for the
presence of Sub2 using an anti-HA anti-
body against HA-tagged Sub2. We ob-
served Sub2 in the precipitate (Fig. 1E).
As control, we performed similar experi-
ments using the yeast strain that did not
have the plasmid expressing hexahisti-
dine-tagged ubiquitin (but expressed
HA-tagged Sub2). We did not find Sub2
in the precipitate (Fig. 1E). These results
support that Sub2 is ubiquitylated in the
presence of Mdm30. Likewise, its mam-
malian homolog, UAP56, has recently
been shown to be ubiquitylated (Xiong
et al. 2012). To determine whether
Mdm30 is involved in ubiquitylation of
Sub2, we next analyzed the ubiquitylation
status of Sub2 in the absence of Mdm30.
We found that ubiquitylation of Sub2
was impaired in the Δmdm30 strain (Fig.
1E). The equal amounts of whole-cell

extracts were used for the Δmdm30 and wild-type strains,
as evident by equal levels of actin (Fig. 1E). However, the
Δmdm30 strain contained a significantly high level of Sub2

FIGURE 1. The abundance of Sub2 is enhanced in the absence of Mdm30. (A,B) Analysis of the
global levels of Hpr1, Mft1, Thp2, Tho2, Sub2, and actin in the Δmdm30 and wild-type strains.
Yeast strains expressing HA/Myc-tagged proteins were grown in YPD at 30°C up to an OD600 of
1.0 prior to harvesting for Western blot analysis. An anti-Myc, anti-HA, or anti-actin antibody
was used in the Western blot analysis. Western blot signal of Sub2 in wild-type strain was set to
100. Western blot signal of Sub2 in the Δmdm30 strain was normalized with respect to 100.
Likewise, actin levels were normalized. Normalized Western blot signals were plotted in the
form of a histogram. Error bar denotes standard deviation (STDEV; Microsoft Excel 2003) from
three biologically independent experiments. (WB) Western blot. (C) RT-PCR analysis of SUB2
mRNA levels in the Δmdm30 and wild-type strains using oligo-dT primer in the cDNA synthesis.
Yeast strains were grown as in A. GAL7 and ADH1 mRNA levels were analyzed as controls. (D)
Analysis of Sub2’s abundance in the rpt4-ts andwild-type strains. Both thewild-type and tsmutant
strains expressing HA-tagged Sub2 were grown in YPD at 23°C up to an OD600 of 0.85, and then
switched to 39°C for 1 h before harvesting forWestern blot analysis. (E) Ubiquitylation analysis of
Sub2. Yeast strains expressing HA-tagged Sub2 and/or hexahistidine-tagged ubiquitin were grown
in synthetic completemediumat 30°Cup to anOD600 of 0.7, and then treatedwithCuSO4 at a final
concentration of 0.1 M for 6 h. Precipitation was carried out by Ni2+-NTA agarose beads, and
Western blot analysis was performed using an anti-HA antibody against HA-tagged Sub2.
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in comparison to the wild-type equivalent (Fig. 1E), as the
stability of Sub2 is enhanced in the absence of Mdm30
(Fig. 1B). Even in the presence of a high level/abundance of
Sub2 in the Δmdm30 strain, Sub2 was not found in the pre-
cipitate (Fig. 1E). Together, these results support that
Mdm30 is involved in ubiquitylation and proteasomal degra-
dation of Sub2.

Enhanced stability of Sub2 lowers mRNA export

We find here that the stability/abundance of Sub2 is enhanced
in the absence of Mdm30. Further, we
have recently demonstrated the stimula-
tory role of Mdm30 in mRNA export of
ADH1, PHO84, and RPS5 (Shukla et al.
2009). These results indicate that en-
hanced stability of Sub2 in the absence
of Mdm30 is correlated with reduced
mRNA export. Consistently, Luo et al.
(2001) have demonstrated in Xenopus
oocytes that a significantly high level of
Sub2 homolog, UAP56, reduces the re-
cruitment of Yra1 homolog, ALY, and
hence, mRNA export. To test whether
the recruitment of Yra1 is also similarly
decreased in yeast when the abundance
of Sub2 is significantly increased in the
absence ofMdm30, we analyzed the asso-
ciation of Sub2 and Yra1 to ADH1 in the
Δmdm30 andwild-type strains.We found
that the recruitment of Sub2 toward the
3′-end of the ADH1 gene was significant-
ly increased in the Δmdm30 strain in
comparison to the wild-type equivalent
(Fig. 2A–C). Thus, enhanced abundance
of Sub2 in the Δmdm30 strain increases
the targeted association of Sub2 with
the 3′-end of ADH1. Intriguingly, such
enhanced recruitment of Sub2 in the
Δmdm30 strain decreased the association
of Yra1with the 3′-end ofADH1 (Fig. 2D;
Supplemental Fig. S1A) (Yra1 is pre-
dominantly associated with the 3′-end
of the active genes) (Johnson et al. 2009,
2011; MacKellar and Greenleaf 2011).
Consistently, the export of ADH1
mRNA from nucleus to cytoplasm was
significantly decreased in the Δmdm30
strain (Fig. 2E; Supplemental Fig. S1B).
As a loading control, we analyzed the level
of rRNA (18S rRNA) and found that
rRNA level was not altered in the absence
of Mdm30 (Fig. 2E). Further, as quality
control, we analyzed the presence/ab-
sence of nuclear GAL1 gene in the cyto-

plasmic fraction. If the cytoplasmic fractionation is of good
quality, nuclear GAL1 gene would not be found in the
cytoplasmic fraction. We observed nuclear GAL1 gene in
the cytoplasmic fraction following vortexing of the sphero-
plasts with glass beads for 45 and 60 sec in both the wild-
type and Δmdm30 strains (Supplemental Fig. S1C,D). How-
ever, GAL1 was not observed in the cytoplasmic fraction
following 15 or 30 sec of vortexing, but rather was present
in the nuclear fraction (Supplemental Fig. S1C,D). Therefore,
spheroplasts were vortexed for 15 sec in our mRNA analysis
in the cytoplasmic fraction to study mRNA export.

FIGURE 2. (Legend on next page)
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The above mRNA export experiments revealed a signifi-
cantly decreased level of ADH1 mRNA in the cytoplasm in
the Δmdm30 strain in comparison to the wild-type equiva-
lent (Fig. 2E). However, the level of total ADH1 mRNA was
not altered in the Δmdm30 strain (Fig. 2E). Thus, Mdm30 fa-
cilitates nuclear export of ADH1 mRNA, but not transcrip-
tion. Therefore, enhanced stability/abundance of Sub2 in
the absence of Mdm30 increases Sub2 recruitment and de-
creases the association of mRNA export adaptor Yra1, hence
leading to reduced mRNA export. To further complement
that a high level/abundance of Sub2 in the Δmdm30 strain de-
creases mRNA export, we next analyzed nuclear export of
ADH1 mRNA in the presence of a high abundance of Sub2.
In this direction, we replaced the endogenous promoter of
SUB2 by GAL1, and expressed Sub2 in galactose-containing
growth medium (Fig. 2F). Subsequently, we analyzed the lev-
els of total and cytoplasmic ADH1mRNAs by RT-PCR assay.
We found that the level ofADH1mRNA in the cytoplasmwas
significantly decreased in the presence of a high abundance of
Sub2, while total ADH1 mRNA levels remained unaltered
(Fig. 2F–H). The rRNA level (i.e., loading control) was not al-
tered in the presence of a high abundance of Sub2 (Fig. 2G,H).
Taken together, our results support that enhanced abundance
of Sub2 in theΔmdm30 strain decreasesADH1mRNA export.
Although previous studies in Xenopus oocyte (Luo et al.

2001) have demonstrated that an excess of Sub2’s homolog,
UAP56, inhibits mRNA export, it remains unknown how
UAP56’s abundance is regulated to control mRNA export.

Our data support that Sub2 is ubiquitylated by Mdm30,
and subsequently degraded by the proteasome to promote
mRNA export, thus providing a new regulatory pathway of
mRNA export. Similarly, UAP56 is likely to be regulated in
Xenopus oocytes and mammals. In support of this possibility,
a recent study (Xiong et al. 2012) demonstrated ubiquityla-
tion of UAP56 in mammalian cells. However, it remains to
be determined whether the abundance of UAP56 is regulated
by F-box and proteasome to control mRNA export, similar to
the results in yeast.
TodeterminewhetherMdm30 also regulatesmRNAexport

of other genes, we analyzed nuclear export of mRNAs of sev-
eral genes such as RPS5, PGK1, PYK1, and PMA1. We found
that nuclear export of RPS5, PGK1, PYK1, and PMA1
mRNAs was significantly decreased in the presence of a high
abundance of Sub2 (Fig. 3A,B). However, total levels of
RPS5, PGK1, PYK1, and PMA1 mRNAs were not altered
(Fig. 3A,B). Thus, a significantly high abundance of Sub2
does not appear to alter the synthesis/transcription of RPS5,
PGK1, PYK1, and PMA1, but rather lowers nuclear export of
their mRNAs. Therefore, a high abundance of Sub2 in the ab-
sence of Mdm30 (Fig. 1B) decreases mRNA export of RPS5,
PGK1, PYK1, and PMA1 (Fig. 3C). Such a decrease in
mRNA export is mediated via reduced recruitment of export
adaptor Yra1 in the Δmdm30 strain (Fig. 3D). Thus, like the
results at ADH1, we find that enhanced abundance of Sub2
in the Δmdm30 strain (Fig. 1B) decreases the recruitment
of Yra1 (Fig. 3D), which subsequently reduces nuclear export

ofRPS5,PGK1,PYK1, andPMA1mRNAs
(Fig. 3A–C). An abundant Sub2 might
be squelching Yra1, hence impairing the
recruitment of Yra1. Additionally, an ex-
cess helicase activity of Sub2 might lower
the recruitment of Yra1. Further, Yra1
has been recently shown to be ubiquity-
lated by Tom1 (Iglesias et al. 2010).
Thus, Mdm30 and Tom1 are likely to
crosstalk to control the recruitment of
Yra1, and hence mRNA export. These
possibilities remain to be further elucidat-
ed in order to shed much light into this
new regulatory process of mRNA export.

Enhanced stability of Sub2 does not
alter transcription

In addition to its stimulatory role in
mRNA export, Sub2 also promotes tran-
scriptional elongation (Chavez et al.
2000; Hammell et al. 2002; Jimeno et al.
2002; Strässer et al. 2002; Zenklusen
et al. 2002; Rondón et al. 2003; Kim et al.
2004; Rehwinkel et al. 2004; Carmody
andWente 2009). Consistently, we found
that the association of RNA polymerase II

FIGURE 2. Enhanced stability of Sub2 in the Δmdm30 strain reduces the recruitment of mRNA
export adaptor to ADH1, and hence mRNA export. (A) A schematic diagram showing the loca-
tions of the primer pairs at ADH1 for the ChIP analysis. (B) Analysis of association of Sub2 with
ADH1. Yeast strain expressing HA-tagged Sub2 was grown in YPD up to an OD600 of 1.0 at 30°C
prior to formaldehyde-based in vivo crosslinking. Immunoprecipitation was performed as de-
scribed previously (Bhaumik and Green 2002, 2003; Bhaumik et al. 2004; Shukla et al. 2006), us-
ing an anti-HA antibody (F-7; Santa Cruz Biotechnology, Inc.) against HA-tagged Sub2 or anti-
myc (9E10; Santa Cruz Biotechnology, Inc.) as a control. Immunoprecipitated DNAwas analyzed
by PCR using the primer pairs located at different locations of ADH1 as schematically shown in A.
The ratio of the immunoprecipitate over the input in the autoradiogram (termed as a ChIP signal)
wasmeasured. ThemaximumChIP signal was set to 100, and other ChIP signals were normalized
with respect to 100. The normalized ChIP signals (represented as normalized or relative occupan-
cy) were plotted in the form of a histogram. Error bars denote standard deviations. (C) Analysis of
Sub2 association with ADH1 in the presence and absence of Mdm30. Yeast cells were grown,
crosslinked, and immunoprecipitated as in B. The ChIP signal of the wild-type strain was set
to 100, and the signal from the mutant strain was normalized with respect to 100 at different lo-
cations of ADH1. (D) Analysis of Yra1 association with the poly(A) site of ADH1 in the presence
and absence of Mdm30. Both the Δmdm30 and wild-type strains expressing myc-tagged Yra1
were grown, crosslinked, and immunoprecipitated as in B. (E) Analysis of total and cytoplasmic
ADH1mRNAs in the Δmdm30 and wild-type strains by RT-PCR assay. Yeast strains were grown
as in B. The level of rRNA (18S rRNA) was analyzed as a loading control. (F) Sub2 expression
analysis under the control of GAL1 promoter in galactose-containing growth medium (or
YPG) by Western blot assay. Yeast cells were initially grown at 30°C up to an OD600 of 0.6,
and then were collected at different time points (0, 30, 60, and 120 min). Western blot signal
of Sub2 at 0 min was set to 100. Western blot signal of Sub2 at 120 min in galactose was normal-
ized with respect to 100. Likewise, actin levels were normalized. Normalized Western blot signals
were plotted in the form of a histogram. Error bar denotes standard deviation from three biolog-
ically independent experiments. (G) Analysis of total and cytoplasmic ADH1mRNAs in the pres-
ence of a high level/abundance of Sub2 by RT-PCR assay. (H) The results of G were plotted in the
form of a histogram. The PCR signal at 0 min was set to 100, and the signal at 120 min was nor-
malized with respect to 100.
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with ADH1 was significantly impaired in the ts strain of Sub2
(which carries mutations in the ATP binding/hydrolysis mo-
tif) (Kistler and Guthrie 2001) in comparison to thewild-type
equivalent (Fig. 4A). However, it remains unknownwhether a
high abundance of Sub2 alters transcription. To address this,
we analyzed the recruitment of Sub2, THO, and RNA poly-
merase II to ADH1 in the wild-type strain and Δmdm30mu-
tant (which has a high abundance of Sub2 in comparison to
the wild-type equivalent) (Fig. 1B). As presented above, the
recruitment of Sub2 to the 3′-end of ADH1 was enhanced
by around threefold in the Δmdm30 strain (Fig. 2A–C), while
the association of the Hpr1 and Mft2 components of THO
with ADH1 was increased by around twofold (Fig. 4B,C).
However, the recruitment of the Thp2 component of THO
to ADH1 was not similarly altered in the absence of Mdm30
(Fig. 4B,C). Such differential recruitment of the THOcompo-

nents and Sub2 to ADH1 in the Δmdm30 strain did not alter
the association of RNA polymerase II with ADH1 (Fig. 4D),
and hence totalADH1mRNA level was not changed in the ab-
sence of Mdm30 (Fig. 2E). Therefore, an enhanced abun-
dance of Sub2 in the Δmdm30 strain (Fig. 1B) does not
appear to alter RNA polymerase II association with ADH1,
and thus transcription (Figs. 2E, 4D). Likewise, transcription
of RPS5, PGK1, PYK1, and PMA1 was not altered in the pres-
ence of a high abundance of Sub2 (Fig. 3A–C).
As presented above, our ChIP analysis revealed that the re-

cruitment of the Sub2, Hpr1, andMft2 components of TREX
toADH1wasdifferentially increased in the absence ofMdm30
(Figs. 2A–C, 4B,C), while Thp2 recruitment was not altered
(Fig. 4B,C). Further, the recruitment of the Yra1 component
of TREX to ADH1 was decreased in the Δmdm30 strain (Fig.
2D; Supplemental Fig. S1A). Thus, the TREX components

FIGURE 3. Enhanced abundance of Sub2 in the absence of Mdm30 reduces the recruitment of Yra1 to the 3′-ends of RPS5, PGK1, PYK1, and PMA1
coding sequences, and hence mRNA export. (A) Analysis of total and cytoplasmic RPS5, PGK1, PYK1, and PMA1 mRNAs, and 18S rRNA in the
presence of a high abundance of Sub2 by RT-PCR assay. (B) The results of A were plotted together in the form of a histogram. (C) Analysis of total
and cytoplasmic RPS5, PGK1, PYK1, and PMA1mRNAs, and 18S rRNA in the wild-type and Δmdm30 strains. (D) Analysis of Yra1 association with
the 3′-ends of RPS5, PGK1, PYK1, and PMA1 coding sequences in the presence and absence of Mdm30. Both the Δmdm30 and wild-type strains
expressing myc-tagged Yra1 were grown, crosslinked, and immunoprecipitated as in Figure 2B.
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are differentially associated with ADH1 in the Δmdm30 strain
in comparison to thewild-type equivalent.A similar patternof
differential association of theTREXcomponentswith another
gene, PYK1, was also observed in the Δmdm30 strain in com-
parison to the wild-type equivalent (Fig. 3D; Supplemental

Fig. S2). These results suggest that the TREX complex may
have been differently assembled or adopted an altered confor-
mation in the absence ofMdm30. Otherwise, a differential as-
sociation pattern of the TREX components with the active
gene would not have been observed in the Δmdm30 strain.

FIGURE 4. Transcription and splicing are not altered in the absence of Mdm30. (A) Analysis of RNA polymerase II (Rpb1) association with ADH1 in
the sub2-ts and wild-type strains. Both the wild-type and ts mutant strains were grown at 23°C up to an OD600 of 0.85, and then switched to 37°C for
1 h prior to crosslinking. (B) Analysis of association of Hpr1, Thp2, and Mft2 with ADH1. Yeast strains expressing myc-tagged Hpr1, Thp2, or Mft2
were grown, crosslinked, and immunoprecipitated as in Figure 2B. (C) Analysis of association of Hpr1, Thp2, and Mft2 with ADH1 in the presence
and absence of Mdm30. (D) Analysis of RNA polymerase II association with ADH1 in the Δmdm30 and wild-type strains. (E) Mdm30 does not impair
mRNA splicing of RPL7B. Both the Δmdm30 and wild-type strains were grown as in Figure 2B. The cDNAwas synthesized using oligo-dT primer and
amplified by different primer pairs as schematically shown in the bottom panel. (F) Mdm30 does not impair mRNA splicing of RPS17B. (G) Sub2
promotes splicing of RPL7B and RPS17B mRNAs.
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We show above that transcription of ADH1, RPS5, PGK1,
PYK1, and PMA1 is not altered in the presence of a high abun-
dance of Sub2 in the Δmdm30 strain, while mRNA export of
these genes is significantly decreased, but not completely
impaired. Such a decrease in mRNA export might have an
indirect effect on transcription. However, we find that tran-
scription of ADH1, RPS5, PGK1, PYK1, and PMA1 is not al-
tered in the Δmdm30 strain. It may be possible that the
steady-state levels of mRNAs of these constitutively active
genesmightnot be altered in theΔmdm30mutant, as observed
in othermutants (e.g., Rad26 andCbp80 null mutants) in our
previous studies (Lahudkar et al. 2011; Malik et al. 2012).
However, transcription of the inducible genes at an early in-
duction periodmight be altered in theΔmdm30 strain, similar
to othermutants (e.g., Rad26 andCbp80 null mutants) in our
previous studies (Lahudkar et al. 2011; Malik et al. 2012).
To test this, we analyzed transcription of the GAL1 inducible
gene in the Δmdm30 and wild-type strains under trans-
criptionally inducible conditions.We found that transcription
of GAL1 was reduced in the Δmdm30 strain following induc-
tion (Supplemental Fig. S3). Further, we observed that GAL1
mRNA export was dramatically decreased in the absence of
Mdm30 (Supplemental Fig. S4A). Consistently, recruitment
of export adaptor Yra1 to GAL1 was reduced in the Δmdm30
strain, while Sub2 recruitment is increased (Supplemental
Fig. S4B,C). Therefore, Mdm30 plays a stimulatory role in
transcription of inducible gene at an early induction stage in
addition to its function in promoting mRNA export.

Enhanced stability of Sub2 does not alter splicing

In addition to its role in transcription and mRNA export,
Sub2 has also been implicated in mRNA splicing (Kistler
and Guthrie 2001; Libri et al. 2001; Zhang and Green
2001). Thus, enhanced abundance of Sub2 in the Δmdm30
strain (Fig. 1B) may alter mRNA splicing. To test this possi-
bility, we analyzed splicing of RPL7B (that contains two in-
trons and three exons) (Fig. 4E) in the Δmdm30 and wild-
type strains. In this direction, we isolated total RNA from
the wild-type and Δmdm30 strains, and prepared cDNAs us-
ing oligo-dT-based reverse transcription assay. The cDNAs
were amplified using different sets of primer pairs targeted
to the exon and intron–exon junction regions of RPL7B as
schematically shown in Figure 4E. The PCR signal from the
intron–exon junction would indicate impaired splicing. We
did not observe the PCR signal from the intron–exon junc-
tions (Regions A, B, C, and D) in the Δmdm30 and wild-
type strains (Fig. 4E). However, the PCR signal was found
at the exon region (Region E) (Fig. 4E). These results demon-
strate that RPL7BmRNA is spliced in the Δmdm30 and wild-
type strains. Further, we found that the level of the PCR signal
at the exon region E in the Δmdm30 strain remained the same
as that of the wild-type equivalent (Fig. 4E). These results in-
dicate that Mdm30 does not regulate transcription of RPL7B,
consistent with the results at ADH1 and other genes (Figs. 2E,

3C, 4D; Shukla et al. 2009). Likewise, Mdm30 does not alter
transcription and splicing of another gene, RPS17B (Fig. 4F).
Together, our results support that enhanced abundance of
Sub2 in the Δmdm30 strain (Fig. 1B) does not impair the
splicing of RPL7B and RPS17B mRNAs. However, the splic-
ing of RPL7B and RPS17BmRNAs was impaired in the sub2-
ts mutant strain (Fig. 4G), consistent with previous studies
(Libri et al. 2001; Zhang and Green 2001).
In summary, we demonstrate here that the stability/abun-

dance of Sub2 is enhanced in the absence ofMdm30. Such in-
creased abundance of Sub2 does not impair constitutive
transcription and mRNA splicing. However, the recruitment
of Yra1 onto the active genes is decreased when the abun-
dance of Sub2 is enhanced in the absence of Mdm30.
Reduced recruitment of Yra1 to the active genes decreases
mRNA export. Collectively, our results support that enhanced
abundance of Sub2 in the Δmdm30 strain reduces the recruit-
ment of export adaptor Yra1 which subsequently decreases
mRNA export, thus providing a new regulatory pathway of
mRNA export.

MATERIALS AND METHODS

Plasmids and strains

The plasmids and yeast strains used in this study are described in the
Supplemental Information section.

Growth media

The yeast strains were grown in YPD (yeast extract peptone plus 2%
dextrose) up to an OD600 of 1.0 at 30°C for the studies at the ADH1,
RPS5, PGK1, PYK1, and PMA1 genes. For ubiquitylation analysis,
yeast cells were grown in synthetic complete medium (yeast nitrogen
base and complete amino acidmixture plus 2% dextrose) at 30°C up
to an OD600 of 0.7, and then treated with 0.1 mM of CuSO4 for
6 h. The wild-type and ts mutant strains were grown at 23°C up
to an OD600 of 0.9, and then switched to 37°C (for sub2-ts mutant)
or 39°C (for rpt4-ts mutant) for 1 h prior to harvesting. For studies
at GAL1, yeast cells were grown in YPR (yeast extract, peptone plus
2% raffinose) up to an OD600 of 0.9 at 30°C, and then switched to
YPG (yeast extract, peptone plus 2% raffinose) for 60 min.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed as described previously (Bhaumik
and Green 2002, 2003; Bhaumik et al. 2004; Shukla et al. 2006).
For analysis of Sub2, Hpr1, Thp2, Mft2, and Yra1 recruitment to
the active genes, we modified the ChIP protocol as described previ-
ously (Malik et al. 2010). The primer pairs used for PCR analysis of
immunoprecipitated DNA samples are described in the Supplemen-
tal Information section.

Whole-cell extract preparation and Western
blot analysis

To analyze the global levels of the TREX components, yeast strains
expressing myc/HA epitope-tagged TREX components were grown
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in 25 mLYPD up to an OD600 of 1.0. Yeast cells were then harvested,
lysed, and sonicated to prepare the whole-cell extract with solubi-
lized chromatin following the protocol as described previously for
the ChIP assay (Bhaumik and Green 2002, 2003; Bhaumik et al.
2004; Shukla et al. 2006). The whole-cell extract was run on SDS–
polyacrylamide gel, and then analyzed by Western blot assay. An
anti-myc (9E10; Santa Cruz Biotechnology, Inc.), anti-HA (F-7;
Santa Cruz Biotechnology, Inc.), or anti-actin (A2066; Sigma) anti-
body was used for Western blot analysis.

Isolation of total and cytoplasmic RNAs

The total RNA was prepared from yeast cell culture as described
previously (Peterson et al. 1991). Cytoplasmic mRNA was prepared
as described previously (Shukla et al. 2009). Briefly, harvested yeast
cells from 10 mL culture were suspended in 400 μL sorbitol solu-
tion (0.9 M sorbitol, 0.1 M EDTA, and 14 mM β-mercaptoetha-
nol), and then incubated with 20 μL zymolase (10 mg/mL) for
25 min at 37°C, followed by centrifugation for 5–10 sec. The super-
natant was carefully removed, and spheroplasts were gently sus-
pended in 100 μL RNA preparation buffer along with 20 μL
volume equivalent of glass beads. The spheroplast suspension was
mildly vortexed (∼15 sec on the VWR mini-vortexer with a low
speed of 5). Following centrifugation, the supernatant was carefully
collected and used for cytoplasmic mRNA preparation follow-
ing phenol/chloroform/isoamyl alcohol extraction and ethanol
precipitation.

RT-PCR analysis

RT-PCR analysis was performed as described previously (Ausubel
et al. 2001; Shukla et al. 2009; Malik et al. 2013). The primer pairs
used for PCR analysis of cDNAs are described in the Supplemental
Information section.

Ubiquitylation assay

The ubiquitylation assay was performed as described previously
(Muratani et al. 2005). Briefly, the expression of hexahistidine-
tagged ubiquitin from plasmid pUB221 was induced for 6 h by ad-
dition of CuSO4 to a final concentration of 0.1 mM. Cells were har-
vested, suspended in buffer A2 (6 M guanidine-HCl, 100 mM
Na2HPO4/NaH2PO4 at pH 8.0, 10 mM imidazole, 250 mM NaCl,
0.5% NP-40), and lysed by glass beads. Cell lysate was clarified by
centrifugation, and supernatant was incubated with Ni2+-NTA aga-
rose resin (Qiagen) for 2 h at room temperature. Following incuba-
tion, Ni2+-NTA resin was washed twice by buffer A2, twice by buffer
A2/T2 (1 volume of buffer A2 and 3 volumes of buffer T2), and
twice by buffer T2 (50 mM Na2HPO4/NaH2PO4 at pH 8.0, 250
mMNaCl, 20 mM imidazole, 0.5% NP-40). Subsequently, the resin
was washed by buffer T2 containing 50 mM histidine to reduce the
level of nonspecific binding to the resin. Finally, hexahistidine-
tagged ubiquitin/ubiquitylated-proteins were eluted with 2X SDS
loading buffer containing 250 mM imidazole and analyzed by
Western blot assay.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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