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Transcriptional activation: risky business
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Transcriptional regulation is all about getting RNA polymerase to the right place on the gene at the right time
and making sure that it is competent to conduct transcription. Traditional views of this process place most of
their emphasis on the events that precede initiation of transcription. We imagine a promoter-bound
transcriptional activator (or collection of activators) recruiting components of the basal transcriptional
machinery to the DNA, eventually leading to the recruitment of RNA polymerase II and the onset of gene
transcription. Although these events play a crucial role in regulating gene expression, they are only half the
story. Correct regulation of transcription requires that polymerase not only initiates when and where it
should, but that it stops initiating when no longer appropriate. But how are the signals from transcriptional
activators, telling RNA polymerase to fire, terminated? Is this process governed by chance, with activators
simply falling off the promoter at a certain frequency? Or is there some more direct mechanism, whereby
activators are aggressively limited from uncontrolled promoter activation? A new article by Chi et al. (2001)
suggests the latter may be true, and provides a mechanism for how a component of the basal transcription
machinery can mark the activators it has encountered, sentencing them to an early death or banishing them
from the nucleus. The ability of the basal transcriptional apparatus to mark activators provides an efficient
way to limit activator function and ensures that continuing transcription initiation at a promoter is coupled
to the continuing synthesis and activation of transcriptional activators.

Srb10 targets GCN4 for ubiquitin-mediated proteolysis

In a nutshell, the Chi et al. (2001) study shows that phos-
phorylation of the transcription factor GCN4 by a kinase
called Srb10 signals GCN4 destruction by ubiquitin
(Ub)-mediated proteolysis. Although the finding that a
kinase can regulate protein destruction is not extraordi-
nary—most Ub-mediated proteolysis is regulated by
phosphorylation (Hochstrasser 1996)—what is extraordi-
nary about this story is the fact that Srb10 is also a com-
ponent of the RNA polymerase II holoenzyme (Liao et al.
1995), suggesting that GCN4 is marked for destruction
as a consequence of its ability to activate transcription.
To appreciate the significance of the Chi et al. (2001)

findings, we need to know a little bit about the nature of
GCN4 and of Srb10. GCN4 is a transcriptional activator
that regulates amino acid biosynthesis in the yeast Sac-
charomyces cerevisiae. It is a basic helix-loop-helix leu-
cine zipper transcription factor, belonging to the AP-1
family of transcriptional activators (Struhl 1987). Like
many transcription factors, GCN4 expression and activ-
ity are subject to a tight series of controls that are exerted
at the transcriptional (Albrecht et al. 1998), translational
(Mueller and Hinnebusch 1986), and post-translational
(Kornitzer et al. 1994) levels. Like many transcription

factors, GCN4 is a highly unstable protein that is de-
stroyed by Ub-mediated proteolysis (Kornitzer et al.
1994). And like many transcription factors, the expres-
sion and activity of GCN4 can be rapidly modulated to
allow cells to mount quick and efficient responses to
changes within their environment. When S. cerevisiae
are subject to amino acid starvation, for example, GCN4
levels increase rapidly within the yeast cell. This tran-
sient increase in GCN4 levels—which is achieved as a
result of increased GCN4 synthesis (Hinnebusch 1984;
Albrecht et al. 1998) and decreased GCN4 destruction
(Kornitzer et al. 1994)—results in a coordinated increase
in the expression of >30 genes (Rolfes and Hinnebusch
1993), most of which encode enzymes for amino acid and
purine biosynthesis. As a central player in this coordi-
nated “general control” response, GCN4 allows yeast to
reprogram their biosynthetic capabilities until their
amino acid and nutrient needs can be met by the envi-
ronment.
By virtue of its history and key role in the general

control of amino acid biosynthesis, transcriptional acti-
vation by GCN4 has been studied extensively. GCN4
carries an acidic type activation domain (Hope and
Struhl 1986) that interacts with components of the basal
transcriptional apparatus, recruits these components to
promoter DNA, and executes necessary chromatin re-
modeling steps required for efficient activation of GCN4
target genes. Like many activation domains, the activa-
tion domain of GCN4 can interact with an impressive
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array of basal transcription factors. Interactions have
been reported between GCN4 and GAL11 (Lee et al.
1999), components of the SAGA chromatin remodeling
complex (Utley et al. 1998), the TFIID complex (Drysdale
et al. 1998), and the mediator complex (Drysdale et al.
1998), a collection of Srb proteins and other proteins that
associate with RNA polymerase II to form the RNA
polymerase II holoenzyme (Hengartner et al. 1995).
These interactions all probably contribute to the ability
of GCN4 to activate transcription. Importantly, how-
ever, in the Chi et al. (2001) study, it is the latter asso-
ciation with the Srb proteins, and Srb10 specifically, that
lies at the heart of how GCN4 stability is regulated.
Srb10 was first identified as a suppressor of deletions

within the carboxyl-terminal domain (CTD) of RNA
polymerase II (Liao et al. 1995). As with all Srb proteins,
Srb10 exists as part of the large multiprotein mediator
complex that is associated with the RNA polymerase
CTD, and that can mediate response of RNA polymerase
to transcriptional activators (Hengartner et al. 1995).
Srb10 has received considerable attention because it is
not only a component of the holoenzyme, but also a
cyclin-dependent kinase (CDK; Liao et al. 1995). Through
associations with its cyclin partner, Srb11, the Srb10/11
complex—a homolog of the metazoan cdk8/cyclin c
complex (Tassan et al. 1995)—phosphorylates several
substrates, including transcriptional activators and RNA
polymerase itself. The functional consequences of these
Srb10-mediated phosphorylation events are profound but
differ depending on the substrate protein. Phosphorylation
of the transcription factor GAL4 by Srb10 stimulates the
ability of GAL4 to activate transcription (Hirst et al. 1999).
Phosphorylation of the RNA polymerase II CTD by Srb10
represses transcription of some genes by blocking the abil-
ity of RNA polymerase to enter promoter complexes. And
now, as revealed in the Chi et al. (2001) study, phosphory-
lation of GCN4 by Srb10 results in an entirely different
outcome—signaling the destruction of GCN4 by Ub-me-
diated proteolysis.
A reasonable model for how Srb10 regulates GCN4

destruction is presented in Figure 1. GCN4 contains five
potential sites of phosphorylation by cyclin-dependent
kinases such as Srb10. When GCN4 interacts with
Srb10, probably in the context of the RNA polymerase II
holoenzyme, some or all of these sites are phosphory-
lated. It is this phosphorylation—which is facilitated by
the actions of another CDK, Pho85 (Meimoun et al.
2000)—that primes GCN4 for interaction with a Ub-li-
gase complex known as SCFCdc4. The SCFCdc4 complex
belongs to the Skp-Cullin-F-box family of Ub-ligases,
which consist of several core components—Skp1, Cdc53,
Rbx-1, and Cdc34—associated with a unique specificity
factor referred to as an F-box protein (Skowyra et al.
1997). For GCN4, genetic (Kornitzer et al. 1994; Mei-
moun et al. 2000) and biochemical (Chi et al. 2001) evi-
dence show that the F-box protein is Cdc4, which has
been linked to the ubiquitylation of several substrates in
yeast, including the CDK inhibitors Sic1 (Feldman et al.
1997) and Far1 (Henchoz et al. 1997), and the DNA rep-
lication control factor Cdc6 (Sanchez et al. 1999). Cdc4

contains two functionally relevant domains: an F box,
that serves as a site for interaction with Skp1 and the rest
of the SCF complex, and a series of WD40 repeats that
mediate substrate recognition (Skowyra et al. 1997). It is
presumably these repeats that specifically recognize
phosphorylated GCN4, recruiting it into the SCFCdc4

complex and allowing GCN4 to be ubiquitylated by the

Figure 1. Srb10 phosphorylates GCN4 and signals its ubiqui-
tylation by the SCFCdc4 Ub–ligase. (A) The GCN4 protein con-
tains five potential sites of phosphorylation (S and T) by cyclin-
dependent kinases such as Srb10 and Pho85. (B) Interaction of
GCN4 with Srb10 results in the phosphorylation of GCN4 (red
circles). The Pho85 kinase also plays a role in promoting GCN4
phosphorylation, although the interplay between Srb10 and
Pho85 is not known. (C) Phosphorylated GCN4 is specifically
recognized by the WD40 (W) repeats within the F-box (F) protein
Cdc4. This recognition recruits GCN4 into the SCFCdc4 Ub–
ligase complex, which consists of Cdc4, Skp1, Rbx1, Cdc53, and
the Ub-conjugating enzyme Cdc34. Cdc34, in turn, transfers Ub
to (presumably) one or more lysine residues in GCN4, resulting
in a highly ubiquitylated form of GCN4 (D) that is rapidly de-
stroyed by the 26S proteasome. (DBD) DNA-binding domain;
(TAD) transcriptional activation domain; (Ub) ubiquitin.
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Cdc34 Ub-conjugating enzyme. Ubiquitylated GCN4
then is targeted to the 26S proteasome, where it is bro-
ken down into small peptides and amino acids (Var-
shavsky 1997).
Although there are many factors that are involved in

the destruction of GCN4 by Ub-mediated proteolysis,
the key regulatory step in this process is the requirement
for GCN4 phosphorylation. For it is this requirement
that allows the RNA polymerase holoenzyme (through
the Srb10 kinase) to ultimately control the metabolic
fate of the GCN4 protein.

A “black widow” model for transcriptional activation

At one level, the idea that a component of the basal
transcription apparatus would signal destruction of a
transcriptional activator is counterintuitive. After all,
regulatory and basal transcription factors work together
to control the initiation of transcription: why should
Srb10 act to destroy one of its closest collaborators? Al-
though the Chi et al. (2001) study stops short of answer-
ing this intriguing question, it seems likely that Srb10 is
acting to limit the capacity of GCN4 to control gene
expression. Given the role of Srb10 as part of the media-
tor, and the demonstration that mutations within the
transcriptional activation domain of GCN4 stabilize the
protein (Kornitzer et al. 1994), it is reasonable to surmise
that the Srb10-mediated destruction of GCN4 is inti-
mately tied to the ability of GCN4 to activation tran-
scription. Thus, by acting at the very heart of how GCN4
regulates transcription—through its interactions with
the basal transcriptional machinery—Srb10 is able to
specifically and efficiently terminate active GCN4 pro-
tein.
How is Srb10-mediated control of GCN4 used to regu-

late transcription? One possible explanation is that this
control is used to limit associations between GCN4 and
the basal transcriptional machinery that occur off the
DNA. When potent transcriptional activators, like
GCN4, are expressed at high levels, they can squelch
(Gill and Ptashne 1988) transcriptional activation by se-
questering basal transcription factors away from produc-
tive promoter complexes. Mark Ptashne predicted in
1988 (Ptashne 1988) that, because of this behavior, tran-
scriptional activators would need to be controlled very
tightly. What better way to control these factors than to
empower the basal machinery with the ability to fight
back, and to target GCN4 for destruction? In this
scheme, Srb10 forms part of a surveillance machinery
that recognizes GCN4 as a transcriptional activator, re-
stricts its accumulation, and prevents the global disrup-
tion of transcriptional control that results from squelch-
ing.
Another fascinating possibility, however, and one that

is suggested by Chi and colleagues, is that Srb10 marks
GCN4 for destruction during the act of transcription ac-
tivation, thus limiting the amount of time that GCN4
can productively occupy a promoter before it is de-
stroyed. This idea leads to the notion of a “black widow”
model of transcription activation, in which activators

are destroyed as a direct consequence of recruiting the
basal transcriptional machinery to a promoter. One ver-
sion of this black widowmodel is depicted in Figure 2. In
this model, a promoter-bound molecule of GCN4 re-
cruits, through its transcriptional activation domain, the
RNA polymerase II holoenzyme and other basal tran-
scription factors. Recruitment of these factors not
only results in productive initiation of transcription, but
also in the Srb10-dependent phosphorylation of GCN4,

Figure 2. A black widow model of transcriptional activation.
The Srb10-mediated destruction of GCN4, together with other
evidence described in the text, supports a model in which the
destruction of transcription factors like GCN4 is tied to their
ability to activate transcription. In this model, a DNA-bound
activator (A), with its modular DNA-binding domain (DBD) and
transcriptional activation domain (TAD), interacts with com-
ponents of the basal transcriptional apparatus (shown in blue)
and recruits these components to the promoter (B), signaling
transcription initiation. In turn, one or more of the basal factors
marks the transcription factor by phosphorylation (C). In the
case of GCN4, it is the Srb10 component of the RNA polymer-
ase holoenzyme that phosphorylates GCN4, leading to its ubiq-
uitin-mediated destruction (see Fig. 1). In this way, the activator
is cleared from the promoter (D) preventing multiple rounds of
transcriptional activation by a single promoter-bound transcrip-
tion factor.
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which, in turn, signals GCN4 ubiquitylation and its de-
struction by the proteasome. The destruction of GCN4
after transcriptional stimulation provides an efficient
way to prevent a single promoter-bound molecule of
GCN4 from activating multiple rounds of transcription
initiation and tightly links the function of GCN4 to
other mechanisms that regulate its expression: in this
scheme, activation of GCN4 target genes is tightly
coupled to ongoing synthesis of the GCN4 protein,
which (as discussed above) is a highly regulated process.
The concept that the basal transcription apparatus can

mark activators it has encountered provides an attractive
and logical way to control transcriptional activation and
sheds light on an area of gene regulation that has been
little studied in the past. Like all good stories, however,
the Chi et al. (2001) study raises more questions than it
answers. Does this process occur at all GCN4-regulated
promoters? Does it require promoters at all? How does
phosphorylated GCN4 encounter SCFCdc4 within the
nucleus? Is this a chance meeting? Or does a more direct
association of the ubiquitylation and transcriptional ma-
chineries coordinate GCN4 destruction? Perhaps one of
the most intriguing issues to be resolved at this point,
however, is timing. When in the transcription cycle does
Srb10 phosphorylate GCN4? Is it before GCN4 stimu-
lates the initiation of transcription, or afterward? Under-
standing the timing of this event is crucial to under-
standing its significance to transcription. If Srb10 phos-
phorylates GCN4 before the initiation of transcription,
it is possible that this phosphorylation may be required
for transcriptional activation—as is observed for Srb10-
mediated phosphorylation of GAL4 (Hirst et al. 1999). In
this way, by using the same signal (phosphorylation) to
both activate GCN4 and to signal its destruction, the
basal transcription machinery would maintain very tight
control over GCN4, guaranteeing that only the labile
form of GCN4 can activate gene expression. Alterna-
tively, if Srb10 phosphorylates GCN4 after the initiation
of transcription, it is possible that this phosphorylation
serves to mark an activator as used, signaling its destruc-
tion before a second round of transcriptional activation
can occur. Understanding how these events are timed,
together with a better understanding of how Srb10-me-
diated regulation of GCN4 impacts on transcription, will
begin to expose the true nature of how Srb10 is used to
control GCN4 activity.

All transcription factors should be regulated
in this way

Transcriptional regulation is one of the most highly con-
served processes in biology. Throughout the broad spec-
trum of eukaryotic life, recurring themes in transcrip-
tional control (underpinned by an extraordinary conser-
vation of the transcriptional machinery) are used to
regulate gene expression. Given the conservation of this
process, therefore, it is difficult to imagine that control
of transcriptional activators by the basal machinery is
restricted to just GCN4 and just S. cerevisiae. Indeed,
there is already an example of this type of regulation in

metazoan cells. Vandel and colleagues (Vandel and
Kouzarides 1999) have shown that the basal transcrip-
tion factor kinase TFIIH phosphorylates residues within
the E2F-1 activation domain, signaling destruction of
E2F-1 by Ub-mediated proteolysis. Thus, there is a direct
parallel between the control of GCN4 and E2F-1 by basal
factor kinases, and it seems likely that other examples
will surface in the near future.
In support of this concept, there is a wealth of circum-

stantial evidence suggesting that the process of tran-
scriptional activation frequently is associated with tran-
scription factor destruction. As a whole, transcription
factors tend to be some of the most unstable proteins in
the cell. Mammalian transcription factors such as E2F-1
(Hateboer et al. 1996), Jun (Treier et al. 1994), Fos (Tsu-
rumi et al. 1995), p53 (Chowdary et al. 1994), Stat1 (Kim
and Maniatis 1996), and Myc (Gross-Mesilaty et al.
1998), for example, are all short-lived proteins that are
destroyed by Ub-mediated proteolysis. In most cases, the
transcriptional activation domains of these proteins are
required for their destruction (see Salghetti et al. [1999]
for discussion), implying that it is the very ability of
these proteins to activate transcription that signals their
demise. This concept is further reinforced by the behav-
ior of transcription factors such as microphthalmia (Wu
et al. 2000), that is only destroyed in its transcriptionally
active, and not inactive, state. Moreover, analysis of
natural (Salghetti et al. 1999; Wang et al. 2000) and syn-
thetic (Molinari et al. 1999; Salghetti et al. 2000) activa-
tion domains has shown that, at least for acidic-type ac-
tivation domains, there is a close correlation between
the ability of a transcription factor to activate transcrip-
tion and the efficiency with which it is destroyed by
Ub-mediated proteolysis. Although the molecular de-
tails of how most transcription factors are targeted for
destruction is unknown, all of these observations point
to a model in which interactions of transcription factors
with the basal transcriptional apparatus leads to activa-
tor destruction. Perhaps Srb10 and its homologs (meta-
zoan cdk8; Tassan et al. 1995) regulate the stability of
most unstable transcription factors. Perhaps these re-
sponsibilities are shared between Srb10 and other ki-
nases in the basal transcriptional machinery such as
TFIIH (Lu et al. 1992) and TAFII250 (Dikstein et al. 1996).
Or perhaps other catalytic functions within the basal
apparatus, yet to be discovered, perform a similar regu-
latory role. Regardless of the details, however, it appears
clear that the type of regulation suggested by the Chi et
al. (2001) study is an important and recurring, theme in
eukaryotic gene control.
Of course, not all transcription factors are unstable.

Indeed, analysis of different types of transcriptional ac-
tivation domains has revealed that the ability to signal
Ub-mediated proteolysis is unique to domains rich in
acidic residues—activation domains that are rich in pro-
line or glutamine residues, for example, do not signal
protein turnover (Salghetti et al. 2000). This finding sug-
gests that it is the precise mechanism through which an
activation domain stimulates RNA polymerase that de-
termines whether or not a transcription factor will be
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destroyed. Does this mean that, by activating transcrip-
tion in a certain way, some transcription factors can es-
cape the kind of regulation described for Srb10 and
GCN4? Not necessarily. An intriguing twist in the Chi
et al. (2001) story is that Srb10 also can regulate the fate
of a stable transcription factor, the multistress response
protein Msn2 (Martinez-Pastor et al. 1996). At present,
the molecular details are not fully understood, but it
appears that Srb10 phosphorylates Msn2, promoting its
rapid exclusion from the nucleus. Thus, although the
stability of Msn2 is unaffected by phosphorylation, the
net effect of Srb10-mediated phosphorylation is the
same—to get Msn2 away from promoter DNA, away
from the basal transcriptional machinery, and to, in turn,
restrict the capacity of Msn2 to regulate transcription. In
this circumstance, all of the regulatory consequences
that have been discussed for GCN4 still apply, except
that Msn2 is shunted out of the nucleus, rather than
destroyed by Ub-mediated proteolysis. The Chi et al.
(2001) study provides just a brief glimpse of this alterna-
tive form of transcription factor regulation, so a deeper
understanding of the significance of Msn2 nuclear exclu-
sion—and a deeper general knowledge of the mecha-
nisms that regulate transcription factor localization—
will be needed before the broad significance of the
Srb10—Msn2 interaction can be established.

Conclusion

The correct regulation of gene transcription is essential
to the maintenance of normal cellular homeostasis. One
of the main ways cells regulate gene expression is to
maintain tight control over transcription factors, and
mechanisms have been described that limit the abun-
dance, distribution, and activity of these transcriptional
regulators. The recent studies described here suggest
that cells possess another weapon in their arsenal to
regulate transcription—the ability of the basal transcrip-
tional apparatus to mark the activators it encounters,
sentencing them to an early death or banishing them to
the antipodes. By deciding the fate of transcription fac-
tors at the point at which they function, cells maintain
tight control over some of the most potent regulatory
molecules in the cell. No doubt about it: Activating tran-
scription is a risky business.
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