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Summary

We report here that the prototypical yeast transcrip-
tion factor Gal4 undergoes two distinct modes of
ubiquitin-mediated proteolysis: one that occurs inde-
pendent of transcription and restricts Gal4 function,
and another that is transcription coupled and essen-
tial for productive activation of Gal4 target genes. De-
struction of transcriptionally active Gal4 depends on
an F box protein called Dsg1/Mdm30. In the absence
of Dsg1, Gal4 is stable, nonubiquitylated, and unable
to productively stimulate transcription. Analysis of
the phenotype of dsg7-null yeast reveals a striking
disconnect between GAL gene RNA and protein
levels; in the absence of Dsg1, Gal4 target genes are
transcribed, but the resulting RNAs are not translated.
The translational defects of these RNAs are related to
defects in phosphorylation of the RNA polymerase Il
carboxy-terminal domain, which in turn affects re-
cruitment of RNA processing machinery. We propose
that Gal4 ubiquitylation and destruction are required
for initiation-competent transcription complexes to
transition to fully mature elongating complexes capa-
ble of appropriate mRNA processing.

Introduction

Transcription in eukaryotes is a highly controlled pro-
cess that involves the concerted interaction of DNA
bound activators, components of the general transcrip-
tional machinery, and chromatin (Kadonaga, 2004). Pro-
duction of mMRNAs requires that RNA polymerase Il (pol
Il) not only be recruited to target genes when appropri-
ate, but that its activity is coordinated with events re-
quired for pre-mRNA processing, such as capping,
splicing, and polyadenylation (Maniatis and Reed,
2002). To coordinate the diverse aspects of the tran-
scription process, a variety of strategies—many of which
depend on posttranslational modification of transcrip-
tion factors—have evolved. Perhaps one of the most
interesting and least understood modifications used to
regulate transcription is ubiquitylation (reviewed in Lip-
ford and Deshaies, 2003; Muratani and Tansey, 2003).
Ubiquitin (Ub) is a highly conserved 76 amino-acid
protein that is covalently linked to substrates via an en-
zymatic cascade, the last stage of which is mediated
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by a so-called Ub ligase. The covalent attachment of
Ub to proteins usually results in their rapid destruction
by the proteasome, although nonproteolytic functions
of Ub (Terrell et al., 1998), and of the proteasome (Rus-
sell et al., 1999), have been described. Evidence sug-
gests that components of the Ub proteasome system
regulate transcription through both proteolytic and
nonproteolytic activities (Muratani and Tansey, 2003).
For example, destruction of transcriptional regulators
can promote coactivator exchange on promoter sites
in vivo (Ostendorff et al., 2002), whereas monoubiqui-
tylation of histone H2B—which is not associated with
proteolysis—regulates histone H3 methylation and tran-
scriptional gene silencing (Sun and Allis, 2002).

We are interested in how transcriptional activators
are regulated by ubiquitylation. Four lines of evidence
suggest that the ability of activators to engage the Ub
system is connected to transcription. First, transcrip-
tional activation domains (TADs) overlap with proteo-
lytic signaling elements (degrons) in the majority of
transcription factors characterized (Salghetti et al.,
2000). Second, acidic-type TADs function as potent de-
grons, and their ability to signal protein turnover corre-
lates with their ability to activate transcription (Molinari
et al., 1999; Salghetti et al., 2000). Third, the stability of
numerous transcription factors, such as the retinoic
acid receptor (Bastien and Rochette-Egly, 2004), de-
creases when these factors are active. And fourth, we
have shown that the Ub ligase Met30 is essential for
both the destruction and activity of a chimeric tran-
scription factor (Salghetti et al., 2001), suggesting that
activator ubiquitylation and turnover is tightly con-
nected to transcription—and possibly required for nor-
mal levels of activation.

Although the concept that activator ubiquitylation
and turnover are coupled to transcription can explain
the overlap of TADs and degrons, as well as the grow-
ing number of Ub ligases that are transcriptional coacti-
vators (Muratani and Tansey, 2003), several important
issues are unresolved. One issue is how to reconcile
the above observations with examples where transcrip-
tional activation and activator turnover are clearly un-
coupled, such as in the Wnt signaling pathway, where
destruction of B-catenin antagonizes its function (Ab-
erle et al., 1997). Another issue is whether a mecha-
nistic connection between activity and proteolysis ex-
ists for a native transcription factor. Finally, perhaps
most importantly, is to identify the step in transcription
that is linked to activator destruction. Only when this
step is identified can the full significance of activator
destruction be understood.

To address these issues, we have studied turnover of
the yeast activator Gal4. We find that there are two dis-
tinct modes of Gal4 destruction by the Ub system: one
that is separate from transcription and restricts GAL
gene activation, and another that is tightly coupled to
transcription and required for productive mRNA synthe-
sis. The transcription-coupled destruction of Gal4 is as-
sociated with post-initiation changes in phosphoryla-
tion of the pol Il carboxy-terminal domain (CTD) and
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recruitment of RNA processing machinery. These find-
ings reveal that a single transcription factor can interact
with the Ub system in two different ways and suggest
that activator destruction is required for pol Il to transi-
tion from early post-initiation complexes to elongation
complexes competent for mRNA production.

Results

Gal4 is an inducible transcription factor that regulates
the expression of genes required for galactose utiliza-
tion. The inducibility of Gal4 allowed us to probe how a
native transcription factor is regulated by the Ub sys-
tem under conditions in which it is inactive (raffinose)
versus active (galactose). Even under activating condi-
tions, however, not all Gal4 in the cell can be expected
to participate in transcriptional activation. Reasoning
that the stability of different pools of Gal4 may be regu-
lated differently (Lipford and Deshaies, 2003), we devel-
oped a method to focus on the transcriptionally rele-
vant pool of Gal4. Collectively, work from the Hopper

ON (galactose)

(Mylin et al., 1990), Ptashne (Sadowski et al., 1991), and
Sadowski (Hirst et al., 1999) laboratories has estab-
lished that Gal4 is phosphorylated by pol ll-associated
kinases as a consequence of activating transcription.
Although these phosphorylation events are not essen-
tial for activation by Gal4 (Sadowski et al., 1991), we
reasoned that we could use them—and their effects on
Gal4 mobility in SDS-PAGE —as a way to identify pools
of Gal4 that had interacted with the pol Il machinery.
We expressed HA epitope-tagged Gal4 from its own
promoter and used Western blotting to visualize the
Gal4 protein (Figure 1A). Consistent with previous re-
ports, the pattern of Gal4 isoforms varies with carbon
source. In the presence of raffinose, two Gal4 species
are detected, which have been named isoforms “a” and
“b” (Sadowski et al., 1991). In the presence of galac-
tose, a third isoform, referred to as “c” (Gal4c), appears.
Critically, Sadowski et al. (1991) have found that Gal4c
depends on both the DNA binding and TAD functions
of Gal4, suggesting that isoform c reflects a pool of
Gal4 that is transcriptionally active. To extend these
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Figure 2. Grr1-Mediated Destruction of Gal4 Limits GAL Gene Activation

(A and B) Wild-type (JT1) or Agrr1 (JT11) yeast, expressing HA-tagged Gal4, were grown in raffinose-containing media and either not induced
(A) or induced with galactose (B). “Cyclohexamide chase” was performed by addition of cyclohexamide (+CHX) or solvent (ethanol, -), taking
aliquots of cultures at the indicated time points, and visualizing Gal4 protein by WB (Ab12CA5). In (A), a longer exposure of the WB from

wild-type protein extracts is also presented. See also Figure S2.

(C) GAL1-LacZ reporter activity in rafinose media. B-galactosidase (3-gal) activity was assayed from JT1 and JT11 yeast growing in raffinose.

Error bars represent the standard error of the mean (SEM).

findings, we asked how mutations in components of
the transcriptional machinery affect Galdc levels. This
analysis (Figures 1A-1B) revealed that mutations which
diminish Gal4 function result in decreased levels of Gal4c:
deletion of genes encoding mediator subunits Gali1,
Med2, and Pdg1, as well as genes encoding factors
required for efficient transcription elongation—Hpri,
Pafl, and Rad6—produce a commensurate decrease
in both Gal4c formation and Gal4 activity. Interestingly,
deletion of genes encoding the TFlID-associated pro-
tein Bdf1 and the SAGA component Spt3 had little ef-
fect on Gal4 activity (Figure 1B), although they virtually
eliminated isoform ¢ formation. Taken with results of
previous studies, these data suggest that phosphoryla-
tion events unique to isoform ¢ occur as a conse-
quence of activation of transcription by Gal4 but are
not themselves required for Gal4 activity.

Several sites of phosphorylation within Gal4 have
been reported, the most notable of which are serine
699 (S699), which is phosphorylated in vitro by Srb10
(Hirst et al., 1999), and serine 837 (S837), which is phos-
phorylated by Kin28 (Hirst et al., 1999). To characterize
whether these phosphorylation events occur in our sys-
tem, we raised polyclonal antibodies against phospho-
S699 and phospho-S837 (Figure S1 available with this
article online). Immunoprecipitation reactions demon-
strated that the phospho-S699 antibodies recognize
isoform ¢ (Figure 1C, compare lanes 4 and 5), and that
this recognition is inhibited by inclusion of the phos-
phorylated peptide used to generate the antibody
(compare lanes 5 and 6). The phospho-S837 antibod-
ies, in contrast, recognize isoform b in raffinose and
isoforms b and c in galactose (not shown). Thus, al-
though S699 phosphorylation is specific to isoform c,
both Srb10- and Kin28-mediated phosphorylation
events are present within the Gal4c species. Consistent
with this finding, deletion of Srb10 (Figure 1D), or chem-
ical-genetic inhibition of Kin28 function (Liu et al.,
2004); Figure 1E), eliminates isoform ¢ formation. To-
gether, these results—along with those of previous
studies—strongly suggest that activation of transcrip-

tion by Gal4 results in the Srb10- and Kin28-mediated
phosphorylation of the protein at residues S699 and
S837 (Figure 1F). We suggest that Gal4c corresponds
to the pool of Gal4 that is either activating, or has acti-
vated, transcription. Isoforms a and b, in contrast, cor-
respond to either inactive Gal4 or Gal4 that is activating
in a functionally distinct manner from Gal4c.

Two Modes of Gal4 Proteolysis

We next examined the stability of the various Gal4 iso-
forms under inactive versus active conditions. We have
measured Gal4 stability using both pulse-chase and
protein synthesis shutoff techniques with similar results
(not shown). Here, we use the synthesis shutoff ap-
proach, in which we measure decay of Gal4 following
treatment of yeast with cyclohexamide. Analysis of
Gal4 turnover reveals that, in the presence of raffinose
(Figure 2A), Gal4 isoforms a and b are unstable and
disappear with a half-life of ~20 min. In the presence
of galactose, in contrast (Figure 2B, top panel), Gal4a
and Galdb are relatively stable (see also Figure S2),
whereas Gal4c is unstable and disappears with a half-
life of less than 5 min. Thus two distinct modes of Gal4
proteolysis can be described. Under non-inducing con-
ditions, the Gal4a/b pool is destroyed fairly rapidly. Un-
der inducing conditions, however, this pool of Gal4 is
stable, but the active pool (Gal4c) is turned over rapidly.

The F Box Protein Grr1 Limits Gal4

Activity in Raffinose

To determine the functional consequence of Gal4a/b
turnover in raffinose, we wished to block the destruc-
tion of these species. Although we have not demon-
strated that Gal4 is destroyed by Ub-mediated proteol-
ysis, the overwhelming majority of transcription factors
studied to date are destroyed by this pathway. Indeed,
we have consistently found that turnover of transcrip-
tion factors in yeast depends on SCF-type Ub ligases
(unpublished data), the substrate specificity factors for
which are the “F box” proteins (Patton et al., 1998). We
speculated, therefore, that destruction of Gal4a/b might
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Figure 3. Dsg1 Is a Transcriptional Coactiva-
tor Required for Gal4c Turnover

(A and B) Dsg1 is required for Gal4c turnover.
Cyclohexamide chase performed on WT
(UN1), Adsg? (JN3), or Agrr1 (JN4) (all
“+p2HG4”) yeast grown in galactose- (A) or
raffinose- (B) containing media.

(C) Dsgl is required for Gal4 ubiquitylation in
galactose. WT (JN1) and Adsg7 (JN3) yeast
were engineered to express HA-tagged Gal4
(p2HG4) either alone or in the presence of
His-Ub. Total protein (lanes 1-6) was incu-
bated with Ni-NTA resin, and ubiquitylated
Gal4 species (Ub-Gal4) detected by WB
(Ab12CA5). *Indicates background binding
of Gal4 to the Ni-NTA resin; these species do
not correspond to ubiquitylated Gal4 (not
shown).

(D) Dsg1-null yeast cannot utilize galactose
as a carbon source. Yeast bearing deletions
of genes encoding 18 nonessential F box
proteins were spotted onto plates containing
glucose or galactose as the sole carbon
source. The strains are 1: BY4742 (WT), 2:
BY4739 (WT), 3: 4ylr097c, 4: Aufol, 5:
Aynl311c, 6: Adia2, 7: Arax1, 8: Aybr203w,
9: Aydr131c, 10: dylr224w, 11: 4yjl149w, 12:
Aydr219c, 13: Adrcy1, 14: A4ydr306c, 15:
Agrr1, 16: drev7, 17: Aybr280c, 18: 4dsg1,
19: 4ylr352w, 20: 4ynl230c.

(E and F) Dsg1 is specifically required for ac-
tivation of a GAL1-LacZ reporter by the Gal4
activation domains. JN1 and JN3, express-
ing either full-length HA-tagged Gal4 (E) or a
Gal4DBD-Myc TAD fusion protein (F; Gal4[D]-
Myc), were grown in raffinose or galactose.
B-galactosidase activity is expressed in
Miller units. Error bars represent SEM.

(G) Amplicons used for ChIP analysis.

(H) Dsg1 associates with the GAL1/10 UAS.
Dsg1 was HA-epitope tagged at its carboxy
terminus (WAT1), cultures grown in galactose,
and ChIP assay performed. Real-time PCR
was used to calculate enrichment of the indi-
cated amplicons in the Dsg1-tagged (WAT1)
versus untagged (W303-1a) strains. Error
bars represent SEM.
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require a specific F box protein. There are 21 genes
encoding F box proteins in yeast; we screened the ef-
fects of deletions or temperature-sensitive mutations in
20 of these genes on Gal4a/b accumulation (not shown).
Of the 20 mutants examined, only one—deleted for
Grr1—displayed high levels of Gal4 protein in raffinose.
As shown, deletion of grr1 results in a dramatic stabili-
zation of Gald4a/b (Figure 2A) but has little if any effect
on destruction of Gal4c in galactose (Figure 2B). Con-
sistent with the increased stability and steady-state
levels of Gal4 in the grr1-null yeast, loss of Grr1 results
in increased activation of Gal4 target genes. Indeed, in
the absence of Grr1, we can detect significant activa-
tion of a GAL1-LacZ reporter under non-inducing con-
ditions (Figure 2C). Similar effects have been reported
for overexpression of Gal4 protein and probably result
from titration of the Gal80 inhibitor (Ma and Ptashne,
1987). The ectopic activation of a Gal4 target gene in
grr1-null cells suggests that Grr1-dependent turnover
of Gal4 normally acts to restrict GAL gene activation
under non-inducing conditions.

The F Box Protein Dsg1 Is Essential

for Gal4 Activity

Loss of Grr1 did not affect the stability of Gal4c in ga-
lactose, revealing that a different pathway is responsi-
ble for the turnover of this species. To identify this path-
way, we again asked whether a specific F box protein is
required for Gal4c destruction. This analysis identified a
single F box protein, we refer to here as Dsg1 (“does
something to Gal4”; YLR368W; also known as FLM1
and MDM30; Dimmer et al., 2002), that is required for
Galdc proteolysis. Deletion of dsg1 stabilized Gal4c
(Figure 3A)—but has no detectable effect on Gal4a/b
turnover in raffinose (Figure 3B)—and blocks the accu-
mulation of multi-ubiquitylated Gal4 species observed
in galactose (Figure 3C). Thus Dsg1 is specifically re-
quired for the ubiquitylation and proteolysis of tran-
scriptionally active Gal4 protein.

To determine the functional consequence of Dsg1-
mediated Gal4c destruction, we asked whether dele-
tion of dsg1 alters Gal4 activity (Figures 3D-3E). In con-
trast to what we observed upon deletion of grr1, we
found that deletion of dsg17 virtually eliminated pro-
ductive activation of transcription by Gal4. Yeast de-
leted for Dsg1 are unable to use galactose as a carbon
source (Figure 3D), a classic phenotype for deficiencies
in GAL gene activation. Moreover, in the absence of
Dsg1, activation of a GAL7-LacZ reporter gene is re-
duced to near background levels (Figure 3E). Interest-
ingly, the requirement for Dsg1 in Gal4 activity seems
to reside within the TAD of Gal4 because fusion of the
Myc TAD to the Gal4d DNA binding domain (DBD) al-
lowed activation of the GAL7-LacZ reporter indepen-
dent of Dsg? status (Figure 3F). Finally, chromatin
immunoprecipitation (ChIP) analysis (Figures 3G-3H)
showed that Dsg1 associates with the GAL1/10 locus
and localizes to the UAS, where a cluster of Gal4 bind-
ing sites are located. Thus Dsgl1 associates with the
same region of promoter DNA as Gal4.

Taken together, we interpret the above data to indi-
cate that Dsg1 is a chromatin bound transcriptional co-
activator for Gal4 and functions—at least in part—to

Pol Il CTD

UAS 5P 3P

GAL1

Figure 4. RNA pol Il Is Efficiently Recruited to the GAL1 Gene in the
Absence of Dsg1

ChIP assay was used to measure association of the pol 1I-CTD
(antibody 8WG16) with the GALT gene in WT (JN1) or Adsg71 (JN2)
yeast grown in raffinose- or galactose-containing media. Error bars
represent SEM.

signal the ubiquitylation and destruction of active
Gal4 protein.

Dsg1 Is Not Required for Efficient Transcription

of Gal4 Target Genes

Deletion of genes encoding Hpr1 and Gal11 results in
a decrease in both Gal4-dependent transcription and
Gal4c formation (Figure 1B). Deletion of Dsg1, in con-
trast, decreased Gal4 activity but increased steady-
state levels of Gal4c. If, as we suspect, isoform c is
produced during interaction of Gal4 with pol Il and its
associated kinases, then we would predict that pol Il is
efficiently recruited to a GAL promoter in the absence
of Dsg1. ChIP analysis confirmed this prediction (Figure
4); in dsg1-null yeast, galactose-dependent recruitment
of the largest subunit of pol Il to the GALT promoter
(UAS) was at least as high as observed in the wild-type
control strain. Unexpectedly, however, we also found
that pol Il efficiently associated with sites throughout
the GAL1 open reading frame (ORF) in the absence of
dsg1. The association of pol Il with the 5" and 3’ ends
of the GAL1T ORF was galactose inducible, and, al-
though there was approximately 2-fold less pol Il at the
3’ end of GAL1 in 4dsg1 yeast, the signal for pol Il at
this region was still ~40-fold higher than background
levels. Thus, despite the profound effects of deletion of
dsg1 on galactose utilization and Gal4 activity, recruit-
ment and distribution of pol Il across a Gal4 target gene
occurs efficiently.

We had assumed that the defect in GAL7-LacZ repor-
ter activity observed in Adsg1 cells (Figure 3E) results
from defects in gene transcription. The finding that pol
Il is associated with the GAL1 ORF, however, prompted
us to ask whether GAL gene transcription still occurs
in the Adsg1 strain. Analysis of RNA species corre-
sponding to the 3’ ends of the GAL7-LacZ reporter
(Figure 5A) or the GAL1 gene itself (Figure 5B) revealed
that both genes are actively transcribed in the absence
of Dsg1. Again, this effect is Gal4 TAD specific because
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Figure 5. Gal4 Target Genes Are Efficiently Transcribed in the Absence of Dsg1

(A-D) Dsg1 is not required for induction of GAL gene RNAs. WT (JN1) or Adsg? (JN2) yeast, expressing either full-length HA-tagged Gal4 (A
and B) or Gal4[D]-Myc (C and D), were grown in raffinose- or galactose-containing media. RNAs corresponding to GAL7-LacZ (A and C) or
endogenous GAL17 (B and D) were quantified by RT-PCR. Error bars represent SEM.

(E) Protein was simultaneously isolated from cultures assayed in (A)-(D), and WB used to detect expression of Gal4 (¢HA) or 3-galactosidase

(B-gal).



Dsg1 Controls Gal4 Stability and mRNA Processing
893

activation by Gal4-Myc is insensitive to dsg7 deletion
(Figures 5C-5D). Our conclusion from these experi-
ments is that disruption of Dsg1 uncouples RNA and
protein levels from Gal4 target genes. This conclusion
is best illustrated by comparing RNA and protein sam-
ples prepared in parallel from wild-type and Adsg?
yeast carrying an integrated GAL17-LacZ reporter (Fig-
ures 5A and 5E): Compared to wild-type yeast, the
Adsg1 strain displays robust levels of LacZ RNA (Figure
5A), yet there is no detectable -galactosidase protein
expressed in these cells (Figure 5E, compare lanes 5
and 7). Compared to the pol Il density across the Gal1
gene (Figure 4), which was modestly reduced in the
Adsg1 yeast, we consistently observed higher levels of
Gal4 target RNAs in the absence of dsg7, indicating
that overall rates of RNA synthesis or destruction are
altered in dsg17-null cells.

Dsg1/Mdm30 has been shown to be required for
maintenance of fusion-competent mitochondria (Fritz
et al,, 2003). At elevated temperatures (37°C), dsg1/
mdma30-null yeast lose mitochondrial DNA, an event
that would render yeast unable to utilize galactose as
a carbon source. Although dsg7-null yeast do not com-
pletely lose mitochondrial DNA during the course of our
experiments (data not shown), we tested whether loss
of mitochondrial DNA could result in a disconnect be-
tween GAL gene RNA and protein levels. Deletion of
the gene encoding Fzo1, a mitochondrial GTPase, re-
sults in defects in mitochondrial fusion and a loss of
mitochondrial DNA (Rapaport et al., 1998). As ex-
pected, fzo71-null yeast could not grow on galactose-
containing media (Figure S3A), but the defect in GAL
gene induction occurred prior to activation of GAL gene
transcription because, unlike dsg7-null cells, fzo7-null
yeast display very low levels of GALT RNA (Figure S3B).
Thus loss of mitochondrial DNA is not responsible for
the particular GAL gene phenotype we observe in
dsg1-null yeast.

The disconnect between RNA and protein levels we
observe in Adsg1 yeast suggests that Dsg1 acts not to
stimulate the efficiency of transcription per se but
rather to control an essential aspect of the quality of
resulting RNA species. This conclusion is supported by
the finding that GAL1 transcripts produced in 4dsg1
cells are full-length, as judged by Northern blotting
(Figure 5F), and polyadenylated, as judged by oligo(dT)-
primed cDNA synthesis (Figure S4) and by oligo(dT)-
directed RNase protection (Figure 5G), where differ-
ences in the size of RNase H cleavage products induced
by hybridization of RNAs with oligo(dT) reveal polyade-
nylation status (Dower and Rosbash, 2002). Interest-
ingly, compared with RNAs extracted from wild-type
yeast, GAL1 RNAs from dsg7-null yeast are less hetero-
geneous at their 3’ ends (compare lanes 1 and 3). The
differences in 3’ ends suggests that, in part, Dsg1 may

act to control utilization of poly(A) cleavage site selec-
tion at the GAL1 gene.

Dsg1 Is Required for the Production of Functional
Messenger RNAs

Because protein synthesis requires that transcripts
move from the nucleus to the cytoplasm, we asked
whether Dsg1 is required for export of GAL gene RNAs.
We performed RNA fluorescent in situ hybridization
(FISH) to visualize transcripts from GAL7-LacZ (Figure
5H) and GALT (Figure 5I). As expected, in raffinose me-
dia no signal was detected (Figure 5H). In galactose
media, we observed a strong signal in wild-type yeast
in both the nucleus and the cytoplasm. Importantly,
there was no detectable difference in the distribution of
either LacZ or GAL1 RNA in dsg7-null yeast, demon-
strating that Dsg1 is not essential for nuclear export of
GAL gene RNAs.

We next asked whether Dsg1 is required for associa-
tion of GALT RNA with translating ribosomes (Figure
6). We fractionated poly-ribosomes by sucrose gradient
centrifugation (Du and Stillman, 2002; Figure 6A). Analysis
of 258 and 18S ribosomal RNAs (Figure 6B) confirmed
that fractions 4, 5, and 6 were enriched in rapidly sedi-
menting (>80S) ribosome particles. In wild-type cells,
GAL1 RNA efficiently cofractionated with this poly-ribo-
some fraction (Figure 6C, black bars), consistent with
the concept that these RNAs are productively trans-
lated. In Adsg1 cells, however, little if any GALT RNA
appeared in the polyribosome fraction (Figure 6C, white
bars). Thus the failure of Gal4 to productively activate
transcription in dsg7-null yeast can be traced to defects
in the ability of GAL gene RNAs to engage translating
ribosomes.

Dsg1 Is Required for Postrecruitment
Phosphorylation of the pol Il CTD

Production of a functional mRNA requires a series of
processing events that occur cotranscriptionally (Ma-
niatis and Reed, 2002) and are coordinated by phos-
phorylation of residues within the heptapeptide repeat
(YSPTSPS) of the pol Il CTD. Specifically, phosphoryla-
tion of serine residue 5 (Serb) within the repeat—which
is mediated by either Kin28 (Hengartner et al., 1998;
Lu et al., 1992) or Bur1l (Murray et al., 2001)—occurs
commensurate with transcription initiation (Kobor and
Greenblatt, 2002) and is required for recruitment of the
mRNA capping machinery (Cho et al., 2001; McCracken
et al., 1997). Phosphorylation of serine residue 2, in
contrast, is probably mediated by Ctk1 (Kobor and
Greenblatt, 2002), is enriched toward the 3’ end of the
ORF (Cho et al., 2001), and is thought to coordinate

(F) GAL1 RNAs are full-length in the absence of Dsg1. Northern blotting.

(G) GAL1 RNAs are polyadenylated in the absence of Dsg1 but have altered 3’ ends. RNA isolated from WT and 4dsg1 cells was incubated
with primer GAL1-mid-R (Table S3), either in the presence or absence of an oligo(dT) oliogonucleotide, as indicated. DNA-RNA hybrids were
cleaved with RNase H, and the resulting GAL1 products detected by Northern blotting.

(H and 1) Gal4 target gene RNAs are normally localized in the absence of Dsg1. RNA FISH was used to probe the localization of LacZ (H) or
GAL1 (l) RNAs. Nuclei were visualized by DAPI staining; yeast were visualized by differential interference contrast (DIC).
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mRNAs

(A and B) Fractionation of translating ribosomes. Extracts from WT
(UN1) or Adsg1 (JN2) yeast were layered on 7%-47% sucrose gra-
dient and ribosome species separated by ultracentrifugation. Ab-
sorbance of UV light at 254 nm (A), and the presence of both 18S
and 258 ribosomal RNAs (B), were used to determine the profile of
sedimenting ribosomes. Fractions 4-6 correspond to the polyribo-
some fraction.

(C) Analysis of polyribosome-associated GAL7 RNA. RT-PCR analy-
sis of GAL7 RNAs in each fraction, normalized to levels of input
258 rRNA. Error bars represent SEM.

interaction of pol Il with the termination and polyade-
nylation machinery (Ahn et al., 2004; Kim et al., 2004;
Licatalosi et al., 2002). Because a failure to appropri-
ately phosphorylate pol Il could result in an uncapped,
nonfunctional, RNA—and because the pol Il CTD is re-
quired for proper mRNA 3’ end formation (which ap-
pears to be altered in dsg7-null cells; Figure 5G)—we

therefore asked whether loss of Dsg1 alters the phos-
phorylation pattern of pol Il at the GALT gene (Figures
7A-7C).

We used ChIP, combined with phospho-specific anti-
bodies against Ser5 and Ser2 of the CTD (Komarnitsky
et al., 2000), to monitor distribution of phosphorylated
pol Il species across GAL1. In wild-type cells, robust
Ser5 phosphorylation could be detected at the pro-
moter, as well as the 5’ and 3’ ends of the GAL7 gene
(Figure 7B). In Adsg1 cells, however, Ser5 phosphoryla-
tion can be detected at the promoter but is dramatically
reduced within the GAL71 ORF. Similar results were ob-
served with the phospho-Ser2 antibody; deletion of
Dsg1 virtually eliminated detectable Ser2 phosphoryla-
tion across the GAL1 (Figure 7C) and GAL10 and GAL7
genes (Figure S5). To probe whether this reduction in
Serb or Ser2 phosphorylation was reflected in a global
reduction in the level of these modifications, we per-
formed Western blotting using the phospho-specific
CTD antibodies (Figure 7D). This analysis showed that
levels of both Ser2- and Ser5-phosphorylated CTD
were reduced in the absence of Dsg1 (compare lanes 2
and 4). For Ser5 phosphorylation, this defect is ac-
counted for entirely by the lack of a productive GAL
gene response because the effect of deleting Dsg1 is
matched by the effect of removing the Gal4 activator
(compare lanes 1 and 4). For Ser2 phosphorylation,
however, loss of Dsg1 is more detrimental than loss of
Gal4 (compare lanes 1 and 3), and it is possible that the
reduction in Ser2 phosphorylation observed in ChiIP is
the result of a general reduction in the levels of this
modification. Although we cannot draw any conclu-
sions about the specificity with which Ser2 phosphory-
lation is lost, we note that the Ser5 defect alone is suf-
ficient to explain the nonfunctionality of GAL1
transcripts in 4dsg1 cells because cotranscriptional
mRNA capping is required for translation (Gingras et
al., 1999).

To ask whether other genes targets might be affected
by deletion of Dsg1, we examined polymerase density
across the ADH1 gene (Figure 7E). This analysis
showed that deletion of Dsg1 resulted in a decrease in
the total levels of pol Il associated with the ADH1 cod-
ing sequence (top panel); pol Il density at the 5’ end
of the coding sequence was reduced by 2-fold upon
deletion of Dsg1, whereas density at the 3’ of the gene
was reduced to background levels. A similar effect was
observed at the SUC2 and HSP82 genes (data not
shown). This effect on ADH1 was dependent on Gal4 —
deletion of Dsg1 had little effect on pol Il density in the
absence of the Gal4 activator (Figure 7E, lower panel)—
suggesting that it may be the result of transcriptional
squelching from accumulation of Galdc protein (Figure
5E). Notably, this dominant, nonspecific effect is not re-
sponsible for the inability of yeast to grow on galactose
media because addition of raffinose to galactose media
allows dsg7-null yeast to grow at rates comparable to
wild-control cells (Figure 7F).

To probe further into the Ser5 phosphorylation defect
at the GAL1 gene, we asked whether Bur1 is recruited
to GAL1 in the absence of Dsg1 (Figure 7E). We fo-
cused on Burl because it has been implicated in Ser5
phosphorylation (Keogh et al., 2003; Murray et al., 2001)
and because the robust level of Galdc formation in
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Figure 7. Dsg1 Is Required for Appropriate CTD Phosphorylation at the GAL7 Gene

(A-C) Ser5 and Ser2 CTD phosphorylation are disrupted by loss of Dsg1. ChIP was used to determine the distribution of total CTD (A), and
Ser5- (B) or Ser2- (C) phosphorylated CTD at the activated GAL7 gene in WT (JN1) or Adsg1 (JN3) yeast expressing HA-tagged Gal4 (p2HG4).
Error bars represent SEM.

(D) Steady-state levels of pSer5 and pSer2. WB, showing the steady-state levels of pol Il CTD (8WG16), pSer5 (H14), pSer2 (H5), and CPY
loading control (A6428) in JN1 or JN2 yeast either containing or lacking plasmid p2HG4.

(E) Deletion of Dsg1 alters pol Il density on the ADH1 gene. ChIP reactions analyzed in (A) were probed for the presence of ADH1 promoter
(prom) and 5’ (5P) and 3’ (3P) coding sequences. Top panel: ChlIP reactions from yeast expressing Gal4 protein. Lower panel: ChIP reactions
from yeast not expressing Gal4 protein.

(F) Growth of dsg7-null on galactose media is rescued by addition of raffinose. Ten-fold serial dilutions of WT or Adsg7 yeast were spotted
onto synthetic media plates containing either galactose, or galactose+raffinose, as the carbon source.

(G) Recruitment of the Bur1 kinase requires Dsg1. ChIP, showing recruitment of HA-tagged Bur1 to the activated GAL7 gene in WT (JN6) or
Adsg1 (JN8) yeast expressing untagged Gal4 (pRJR197). Error bars represent SEM.

(H) Recruitment of Cet1 requires Dsg1. ChIP, showing recruitment of HA-tagged Cet1 to the activated GAL7 gene in WT (JN7) or Adsg7 (JN9)
yeast expressing untagged Gal4 (pRJR197). Error bars represent SEM.

(l) Steady-state levels of HA-tagged Bur1 and Cet1. WB (12CA5 for HA-tagged proteins; A6428 for CPY).

Adsg1 yeast (Figure 3A) suggests that Kin28 and Srb10
functionally interact with Gal4 in these cells (because
both Kin28 and Srb10 are required for Gal4c formation
[Figure 1]). In wild-type yeast, Burl associates mostly
with the 5’ and 3’ ends of the GAL7 OREF, indicating
a predominant role in nonpromoter-associated Ser5
phosphorylation. In dsg7-null yeast, however, Bur1 fails
to associate with the GAL1 gene, an observation that

is consistent with the finding that ORF-associated Ser5
phosphorylation is deficient in dsg7-null cells.

Finally, we asked whether an event that depends on
Ser5 phosphorylation is also dependent on Dsgi1. For
this purpose, we measured recruitment of the capping
enzyme component Cet1 (Figure 7F), which associates
with pol Il in response to Ser5 phosphorylation (Cho et
al., 2001; McCracken et al., 1997). In wild-type cells,
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we detected robust interaction of Cet1 with the GAL1
promoter and 5' ORF region. In dsg7-null cells, how-
ever, there was no detectable enrichment of Cet1 at
promoter-proximal sites. Steady-state Cet1 levels, and
those of Bur1, were not affected by Dsg7 deletion (Fig-
ure 7G). The failure of Adsg7 yeast to recruit Cet1 to
GAL1 demonstrates that Ser5 phosphorylation is func-
tionally disturbed in these cells and supports the con-
cept that Dsg1 plays a role in regulating cotranscrip-
tional processing of Gal4 target RNAs.

Discussion

A characteristic feature of many transcriptional activa-
tors is their metabolic instability, which is generally
thought to limit their function. Yet it has become clear
that the Ub system can act to positively regulate activa-
tors and other components of the transcriptional ma-
chinery (Lipford and Deshaies, 2003; Muratani and
Tansey, 2003). To reconcile these observations, and to
learn more about how Ub controls the activity of a na-
tive transcription factor, we have studied Gal4. We find
that Gal4 stability is regulated by two distinct mecha-
nisms with distinct consequences for transcription.
Destruction of Gal4 via Grr1 acts to limit Gal4 accumu-
lation and prevent ectopic GAL gene activation. De-
struction of Gal4 via Dsg1, in contrast, is important for
productive GAL gene activation. Surprisingly, the step
in Gal4-mediated activation that is dependent on Dsg1
is not transcription per se, but appropriate RNA pol Il
phosphorylation events that coordinate transcription
with pre-messenger RNA processing.

Phosphorylation of Gal4 by RNA

pol ll-Associated Kinases

Previous work from a number of laboratories has dem-
onstrated that Gal4 is phosphorylated as a conse-
quence of activating transcription. Our findings confirm
these observations and suggest that phosphorylation
of Gal4, at least at residue S699, is used as a cellular
mechanism to “mark” pools of Gal4 that have stim-
ulated transcription. A similar situation has previously
been reported for GCN4 (Chi et al., 2001), suggesting
that phosphorylation by basal factor kinases may be a
general bookkeeping mechanism to signal the history
of transcriptional activators. For GCN4, Srb10-medi-
ated phosphorylation clearly leads to recognition by the
F box protein Cdc4 and Ub-mediated GCN4 destruc-
tion (Chi et al., 2001), and it is possible that a similar
scenario applies for Galdc and Dsg1. We should note
that although we cannot formally exclude the pos-
sibility that Gald4c is dephosphorylated in a Dsgl-
dependent manner, we think this unlikely because of
the observation that declining levels of Gal4c are not
accompanied by an increase in the levels of Gal4a/b
(Figures 2B and 3B) and because Dsg1 is an F box pro-
tein that is required for Gal4 ubiquitylation (Figure 3C).

Two Modes of Gal4 Proteolysis

Our data establish that at least two pathways control
Gal4 stability. Under non-inducing conditions Gal4 is
destroyed fairly rapidly, with a half-life of ~20 min. This
destruction depends on the F box protein Grr1. We

suggest that this mode of Gal4 destruction limits inap-
propriate GAL gene activation because disruption of
Grr1 results in the accumulation of Gal4 and ectopic
activation of a GAL1-LacZ reporter gene. Interestingly,
Grr1 was identified as a gene required for glucose-
mediated gene repression (Bailey and Woodword,
1984) and was shown to act, in part, via positive regula-
tion of the glucose-specific Mig1 repressor (Lutfiyya et
al., 1998). Our data, implicating a role for Grr1 in the
regulation of Gal4 stability, reveal a second mechanism
through which Grr1 can limit GAL activation and illumi-
nate how a single Ub ligase can regulate gene expres-
sion through action on multiple target proteins.

Under inducing conditions, the Grr1-dependent path-
way of Gal4 proteolysis seems to be inactivated be-
cause Gal4 isoforms a and b are stable when yeast are
grown in galactose media. It is tempting to speculate
that stabilization of Gal4a/b in galactose facilitates
transcription by increasing the pool of Gal4 that is avail-
able to activate gene expression. Indeed, given the
rapid Dsg1-mediated turnover of Gal4c, and the possi-
bility that active Gal4 is destroyed with each cycle of
productive transcription, it is likely that this stabilization
is important for maintaining appropriate levels of Gal4
at target gene promoters.

Once Gal4 is engaged in activation, its ubiquitylation
and destruction are under the control of Dsg1. This
conclusion is supported by the effects of Dsg17 deletion
on Gal4 ubiquitylation and Gal4c stability and by the
finding that Dsg1 associates with the UAS regulatory
region of the GAL1/10 locus. The actions of Dsg1, in
contrast to Grr1, are clearly stimulatory because Gal4
is unable to productively activate transcription in Adsg1
cells. Indeed, as discussed below, Dsg1 functions as
an essential “coactivator” for the Gal4 protein.

Previously, a unified model for how transcriptional
activators are regulated by ubiquitylation has been diffi-
cult to propose. In some cases, such as p53 (Haupt et
al., 1997), it is clear that ubiquitylation leads to proteol-
ysis and inhibition of activator function. In other cases,
however, ubiquitylation leads to proteolysis and en-
hanced activator function (Salghetti et al., 2001). Our
finding that Gal4 stability is regulated by at least two
distinct F box proteins, with two distinct consequences
for transcription, provides a way to reconcile these ob-
servations. We propose that other transcription factors
may have more than one mode of regulation by the Ub
proteasome system: one that is independent of tran-
scription and limits factor activity, and another that is
coupled to transcription and performs an essential pro-
cess in gene activation. In this scenario, although the
transcription-independent pathway of proteolysis could
be regulated by environmental factors, the transcrip-
tion-coupled mechanism would be inevitably linked to
activity. With Gal4 this predicts that Dsg1-dependent
ubiquitylation and proteolysis are not sugar linked but
occur whenever Gal4 is active, such as in raffinose con-
ditions in grr1-null yeast.

Dsg1 Is a Transcriptional Coactivator Required
Appropriate pol Il Phosphorylation

Numerous Ub ligases have been described as having
transcriptional coactivator function. Our observation
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that Dsg1 is essential for productive activation of tran-
scription by Gal4 gave us the opportunity to study how
a Ub ligase coactivator can work. We find that, in the
absence of Dsg1, Gal4 can efficiently recruit pol Il to
target genes, that these genes are transcribed, but that
resulting RNAs are not translated. Although we have
not demonstrated that GAL RNAs are inappropriately
processed in the absence of dsg1, the functional de-
fects in these RNAs can be attributed to a failure of
RNA pol Il to receive appropriate phosphorylation
events that in turn are required for cotranscriptional
RNA processing. Thus Dsg1 does not control basic pro-
cesses required for RNA transcription—which may be
one reason why a requirement for Ub ligases in tran-
scription in vitro has not been demonstrated—but in-
stead controls events governing mRNA quality and ac-
tivity.

Our model for how Dsg1 connects Gal4c destruction
and RNA pol Il phosphorylation is as follows. Based
on our demonstration that promoter-associated Ser5
phosphorylation occurs with reasonable efficiency in
Adsg1 cells (Figure 7), we suggest that transcription
factor recruitment and initiation of transcription occur
independently of Gal4 ubiquitylation and Dsg1 activity.
As RNA pol Il continues to transcribe, however, the initi-
ation-competent pol Il complexes must be remodeled
to strip away factors required for preinitiation complex
assembly and to allow the kinases (e.g., Bur1) and RNA
processing machinery (e.g., Cetl) required for pro-
ductive mRNA synthesis to associate with the tran-
scribing polymerase. This transition phase is the period
at which pol Il is briefly stalled to allow nucleation of
productive elongation complexes (Mandal et al., 2004;
Pei et al., 2003). We propose that Dsg1-mediated de-
struction of Gal4 is an essential part of initiation com-
plex disassembly. We suggest that, in the absence of
Dsg1, Gal4c is stable, the transition does not occur, and
immature RNA pol Il complexes transcribe nonpro-
cessed, nonfunctional RNAs. In support of this model,
we note that mutations in the ISW1 ATPase, which is
implicated in the transition from initiation to elongation,
produce a very similar phenotype to that seen in dsg7-
null yeast. (Morillon et al., 2003). Note that, at this point,
we cannot exclude the possibility that Dsg1 has targets
in addition to Gal4 and that destruction of these targets
is also required for the functionality of Gal4-depen-
dent mRNAs.

The observation that Gal4c stability is connected to
cotranscriptional RNA processing reveals that activa-
tors, and their regulatory molecules, control an unex-
pected step in RNA synthesis, where RNA transcripts
are signaled to become functional messenger RNAs.
This activity provides a level of transcriptional control
that could be quite effective. By influencing the ubiqui-
tylation status of an activator—either by disabling the
relevant Ub ligase or perhaps blocking sites of ubiqui-
tylation (e.g., by SUMOylating critical lysine residues)—
the cell could rapidly convert a transcriptional activator
into a de facto repressor, generating high levels of non-
functional RNAs while at the same time keeping the
promoter open and active to allow a rapid return to
functional mRNA synthesis when appropriate. Curi-
ously, if such a level of regulation does exist, analysis

of steady-state RNA levels may not always be a reliable
measure of gene activity.

Finally, we suggest that Ub-mediated proteolysis
may play important roles in other transitions required
for the “transcription cycle” (reviewed in Kobor and
Greenblatt, 2002). As pol Il transcribes genes, its com-
plement of interacting proteins must change not only
during the elongation checkpoint but also during
events involved in termination and 3’ end processing,
and when pol Il encounters a site of DNA damage. The
involvement of proteolysis in these transitions would
not only actively drive disassembly of these complexes
but would ensure that events important for RNA pro-
cessing and polymerase disengagement occur in an
irreversible manner. Perhaps, therefore, as in the cell
cycle, proteolysis provides an unequivocal signal of di-
rectionality to the transcription process.

Experimental Procedures

Yeast and Plasmids

The S. cerevisiae strains, plasmids, and culture conditions used in
this study are listed as Supplemental Data. Gal4 was expressed
under the control of its own promoter from the ARS/CEN vector
pRJR197 (Wu et al., 1996), modified to include a double HA-epitope
tag at the amino terminus of Gal4 (p2HG4). For GAL gene induction,
yeast were grown in synthetic medium with 2% raffinose to an
ODgqo of ~0.5 and induced either by addition of 2% galactose (Fig-
ures 1 and 2) or by transferring cells into fresh media containing
2% galactose (other experiments). Yeast were induced for 3 hr prior
to analysis. Chemical-genetic inhibition of Kin28 was performed by
treating strain Kin28 as (Liu et al., 2004) with 5 uM 1-napthyl-PP1
(1-NA; Liu et al., 2004) for 60 min prior to protein harvest.

Antibodies

Phospho-specific Gal4 antibodies were raised, purified, and tested
as described in the Supplemental Data. Anti-Gal4 antibody was
provided by W. Herr (CSHL); anti-HA antibody 12CA5 was provided
by the CSHL antibody facility; anti-pB-galactosidase antibody was
from Roche (1083082); anti-CTD antibodies were from Covance
(CTD: 8WG16; pSer2: H5; pSer5: H14); anti-CPY antibody was from
Molecular Probes (A6428).

Protein Assays

Details of protein extraction, Western blotting, immunoprecipita-
tion, ubiquitylation, and B-galactosidase reporter assays are pre-
sented as Supplemental Data. Gal4 stability was measured by add-
ing cyclohexamide (50 pg/ml) to yeast growing under appropriate
conditions, taking samples at the indicated time points, and analyz-
ing steady-state HA-Gal4 levels by Western blotting with 12CAS5.
For Gal4 ubiquitylation, yeast JN1 (DSG17) and JN3 (Adsg17::LEU2),
each carrying p2HG4, were transformed with the vector puB221
(Yaglom et al., 1995), which expresses His6-tagged Ub under the
control of the CUP1 promoter. Yeast were induced with galactose
and copper sulfate for 3 hr, polyhistidine-tagged proteins recovered
under strongly denaturing conditions, and ubiquitylated Gal4 pro-
teins detected by Western blotting with 12CAS5.

Chromatin Inmunoprecipitation

ChlIP assays were performed essentially as described (Komarnitsky
et al., 2000). Following immunoprecipitation, DNA was recovered
by ethanol precipitation, and coprecipitating DNAs detected by
real-time, quantitative PCR. Primer sets are described in Table S3.
To calculate specific binding of target proteins to GAL genes, the
signal from each GAL gene primer set was normalized to the signal
from the 25S ribosomal DNA locus, and this value further normal-
ized to the same ratio from input DNA. When HA-tagged proteins
were used for IP, we also normalized these values to those from
parallel ChIP reactions performed in untagged control yeast
strains.



Cell
898

RNA Analyses

Details of RNA quantification, RNA FISH, Northern blotting, and
RNaseH protection are presented as Supplemental Data. For analy-
sis of RNA levels, RNA was extracted using the RNeasy Mini Kit
(Qiagen), reverse-transcribed, and quantified by RT-PCR. Steady-
state levels of GAL1 and LacZ RNAs were normalized to those of
ACT1. For RNA FISH, we used a protocol published online at http://
www.singerlab.org/protocols. The RNase H protection assay was
performed as described (Dower and Rosbash, 2002).

Ribosome Preparation

The translating ribosome fractionation was performed essentially
as described (Du and Stillman, 2002), and as detailed in Supple-
mental Data. Briefly, cells were induced with galactose for 60 min,
cyclohexamide added to inhibit protein synthesis, and cell extracts
immediately prepared by glass bead beating. Lysates were layered
on a continuous 7%-47% sucrose gradient and separated by ul-
tracentrifugation. Distribution of RNAs across the gradient was
monitored by measuring absorbance at 254 nm. Ribosomes were
dissociated by addition of EDTA, and RNAs recovered by phenol-
chloroform extraction, lithium precipitation, and a subsequent
round of ethanol precipitation. Ribosome integrity was determined
by detection of both 18S and 25S RNAs by agarose gel electropho-
resis. GAL1 RNAs present in the polyribosome fraction were quan-
tified by RT-PCR.

Supplemental Data

Supplemental Data include Experimental Procedures, five figures,
and three tables and can be found with this article online at http://
www.cell.com/cgi/content/full/120/6/887/DC1/.
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