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Activator-dependent Mediator recruitment

Figure Z | Gal4-mediated induction ot Gal gene expression requires co-activators,

Inyeast, in the absence of galactose, the acidic activator Cal4 is bound by its
repressor Gal80 {a). Addition of galactose to the growth medium causes an inducer

pratein, Gal3, to bind and sequester Gal80 in the cytoplasm, releasing it from Gal4 {b).

Cald binds target UAS, ., {upstream activating sequence] sites in the promoters

of Gal genessuch as GALI and sequentially recruits co-activators, such as the
acetyltransferase SAGA (c) and Mediator (d). Gal4 also recruits ATP-dependent
nucleosorne-remodelling complexes such as SWI/SNF that remove nucleosomes at
the promoter and are stimulated by SAGA-catalysed histone acetylation.Together,
SAGA and Mediator recruit RNA polymerase Il and the general transcription factors
{GTFs), leading to farmation of the pre-initiation complex (PIC) {e}, Nucleosome
removal, catalysed by SWI/SNF, aids in the kinetics of Mediator and GTF recruitment,
thereby facilitating rapid PIC formation and initiation of transcription at Gal genes.
H3Ac, histane H3 acetylation; TBP, TATA-binding protein; TSS, transcription start site.
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Gald-medinted Gal geneinduction in yeast. The SXDressigy
of Gal genes, which encode preducts that are requireq
for the import and metabolism of galactose, is rapidly
induced when galactese is added {a the growtly '“Edimr).
of 8 cerevisiae {reviewed in REF | 2). Activation of (he
Gal genes is regulaled primarily through aclivayyy.
dependent recruitmenl. Expression is initiated b
the lranscriptional activator Gald, which binds 1, an
upstream activating sequence (UAS_ ) in the promg;.
ers of Gal genes (FIG. 2). The affinity of Gal4 binding var.
ies among Lhe Gal genes, thereby leading to differensiy)
levels of activation'.

The iniliation of the entire response of the Gal reg-
won tw galactose is dependent on this transcriptiong]
activator, Gal4. How then is Gal4 itself regulated? The
regions of Gald Lhat contain the DNAfbiuding and
transcription-aclivation activities are separable™,
the absence of galactose, the acidic activation domain of
Gald is bound tightly by an inhibitor protein Galsg,
This prevents the interaction of this domain with
co-activators, such as TATA-binding protein (TBP) or
the SAGA acetyltransferase complex'"'*. When galac-
tose is added to the growth medium, an inducer protein
Gal3 sequesters Gal, alleviating repression of Gals
and allowing it to interact with and recruit co-activators
to the Gal genes'™?!, The activation function of Gals
is farther regulated by post-translational mechanisms
that include phosphorylation and ubiquitin-mediated
degradation2,

Gal gene induction requires co-activators. In Gal gene
induction and many other examples of inducible
fgene expression, recruitment of co-activators and the
transcription machinery to promoter regions is the key
initial step in activating transcription. Recruitment of
co-activators to Gal genes occurs in a sequential but
not necessatily interdependent manner. The first co-
activator to bind to Gal prometers following a shift to
galactose-containing mediurn is SAGA, which is directly
recruited hy Gald (REFS 22-24). A few minutes follow-
ing this, Mediator is recruited to Gal prometers through
direct contact with Gal4 (REFS 23,25- 28). Finally, Pol T1
and components of the general transcription machinery,
including TBP, TFIIH, TFIID and TFIIE are recruited
Lo Gal promoters™. None of thesc linal components,
including Pol LT, is recruited in the absence of SAGP'M
which indicates that Gald alone is not sufficient to acti-
vale transcription®*. Rather, a combination ol SAGA
and Mediator aclivities is required for the recruitiment of
THP, Pol 11 snd the remainder of the GTFs 5"
Althouph this response o galaclose might
specific Lo yeast and other closely related fungi _lh‘-‘
mechanisms by which Gald aclivates gene exl’“’f’"on
must be widely conserved becanse Gald can activate
UAS, ,,-specific transcription in arganisims {lsat range
fram [). melanogaster to humans'" <. Furthermare
SAGA, Mediator and the GTFEs are highly Cl)“-j”"e.d
from yeast Lo humans (Supplementary informalmnif'
{figure aod 1ables)). Tse presence of is-regulatnry € T
ments that have varying affinities for Gald ai many fh 1
ferent galactose-inducible gencs provides a mechanist

seer
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activity, therefore facililating the rapid removal of
promoter nucleosomes alter galactose induction, leading
to the swift activation of Gal transcription. In addition to
this role in the early stages of Lranscription initiation,
HAT complexes and nucleosome remodellers assist
polymerase elongation through the coding region of
Gal genes.

"The interplay between SAGA and SWI/SNF at Gal
genes is similar to thal abserved at the yeast PHOS5 gene
under phosphate starvation conditions™”, SAGA and
SWI/SNE are not essenlial for PHOS activaiion but are
important for the kinctics of activation, Therefore, the
functions of a transcriptional co-activator complex
such as $AGA can be separated into HAT-independent
activities that are essential for PIC formation and HAT-
deperdent activitics that arc required for chromatin
remodelling and the kinetics of gene induction. At some
inducible genes these functions overlap, lor example,
the Gend-dependent genes in yeast*, as HAT activily
is also required for nucleosome remuodelling before
PIC formation.

The role of co-activators in stimulating nuclensome
remodelling is not limited to HAT complexes. At some
genes, Mediator is also required for the recruitment of
SWL/SNF or for its chromatin remadelling activiry* ™,
However, at other genes such as yeast CHA 1, chromatin
remadelling is independent of Mediator™, Therefore,
nucleosome remodeliing can ocenr before or subsequent
1o the activities of Mediator and SAGA and, in some
cases, is cven required for their co-activator functions.

Is nucleosome loss sufficient to activate transcription?
In some examples in yeast, nucleosome logs alone is
sufficient to induce PIC formation and activate gene
expression, even in the shsence of an inducing sig-
nal®#! Moreover, when yeast are shifted to growth
media containiug glucose, transcription of the Gal genes
is repressed and nucleosomes rapidly reform at Gal
promoters®*®?, Therefore, at many genes, nucleosome
loss correlates positively with transcripiion. However,
several lines of evidence across different species show
that a nucleosome-free region on its own is not neces-
sarily sufficient to activate transcription. Farthermore,
repression is possible in the absence of nucleosomes.
In yeast, expression of the Gal genes s repressed in the
presence of a combination of glucose and galactose,
although Gal4 still recruits SWI/SNF and maintains a
aucleosome-free promoter region®. Another example
of this — hear shock induction in . melanogaster — is
discussed below,

PARP-dependent nucleosome loss at . melanogaster
Hsp70. Heat shock induces a rapid loss of nucleo-
somes across the entire Hsp?0 locus in D melanogasier
that precedes and is ivdependent of transcription®®
tHG 3a). This nucleoseme loss corresponds at least
partially to the diffuse appearauce or puffing of the
heat-shock loci on polytene chromosome spreads and
is irportant for optimal levels of Hsp70 expression™
{reviewed in REr 67). Although nucleosome loss is
required for optimal transcription of the heat-shock

430 | TUNF 2010 | VOLUME 1!

Fiyure 3 | Heat shock induces nucleosome loss ang
release of paused RNA polymerase Il a | At the topiss
schematic of the Drosophil melanogaster 87A heaf’ihuck
locus: the example of Hsp?0Ab is used below, Equivaleny
events occur at Hsp70Ar. 1he arrows at the Hsp7gag

and Hsp70Ab promoters indicate the direciion of
transcription through the gene. RNA pelymerase 1l () I
shown Inarange] and GAGA lactor {GAF or Truhomxﬂlike:)
are bound at the promaters of the Hsp70 genes before h,_,-i,'
shock. After heal shock. the transcriptional activarg, )
heat-shock factor {HSF) forms a stable trimeric complex
that hinds the Hsp70 promoter'®** Heat shock
stimulates nucleosome loss at the Hsp70 locus,
Nucleosome loss is dependent on HSE GAF and
poly(ADPY-ribose polymerase (PARPI™, PARP localizes

at many siles along polytene chromosomes but anly
catalyses formation of ADP-ribose polymers from dongy
NAD" atthe heat-shock loci after induction by heat
shock'. Nucleosome loss proceeds cutwards from the

5" end of the Hsp?0 genes ahead of Pol 11, extending as far
as the SCS and 5C5 boundary elements (region of loss s
greyin top panel). The CG31211 and CG3281 genes are
not transcribed (as shown by blunt-headed arrows at thei-
promaters) although Polil is bound at their promoters and
nucleosomes are lost. Ba | Before heat-shock activation

at Hsp70, GAF recruits co-activators, the GTFs and
ATP-dependent nucleoseme-remodelling complexes,
thereby facilitating pre-initiation complex (PIC) formation
at the promoter. At Hsp 70, however, PIC formation is
not sufficient to activate preductive transcription
elonyation® ™ 1% The CDK? subunit of TFIIH
phospharylates serine 5 (S5) of the carboxy-terminal
domain (CTD) and Pol Il initiates transcription into the first
20-40 bases of the gene, at which it panses at the
promoter-proximal pause site. Pol Il is held here by the
negative elongation factor (NELF) and DRB sensitivity-
inducing factor {DSIF), which is composed of SP14 and 5
[RETS 111,112}, Bb j Heat shock induces binding of HSF
which recruits additional co-activators and nucleosome-
remodelling activities. HSF Is required but is not sufficient
to recruit the pause release factor P-TEFb to Hsp70

[REF. 85). Recruitment of Mediator hy HSF, which occurs
independentty of PIC formation, might contribute to
P-TEFb hinding'™, Recruited P-TEFb phosphoryiates 52 of
the CTD, 5PT5 and NELF. These phospherylations cause
NELF to dissoctate from Polll, releasing potymerase inte
preductive transcription slongation. Althaugh Pel Il stilt
pauses briefly at the promoter-proximal pause site under
heat-shock conditions, the duration of these pauses are
much shorter than at narmal temperatures.

geues at Hsp70, it is not sufficient to activale expression

of other genes (hat lie in the region of nuc]cnsunw_u;hS'
ruption®. Furtlermare, chemicals that induce pul‘hng
and nucleosome loss at heat-shock loar such as smﬂunf
salicylate do not activaie expression of the heut-shock
penes®. Therefore, althongly nucleosome loss i Impre
tant for rapid activation of gene expression and is soms
times required for optimal Jevels ol gene expression:
these studies show that nucleosome loss nlom‘_lﬁ_"“‘
necessarily sufficicnt to induce activated lru"sinptlo“l.
Rather, nucleosome remodelling can be an imp“fm:’
step in providing access to transcriptional activators 3!
the general transcriplion machinery.

. eticy
Wmeature.cnmp‘revnewsl‘ge"
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Figure 4 | Sequential chromatin modification events occur during the early stages
of transcription initiation at inducible genes. a | The ubiquitin ligase—conjugase pair
Brel-Rad6 are directly recruited to yeast genes such as GALI by the Gal4 activator™™7*
(shown) or to human genes such as MOMZ by p53 (REF 11 4) (not shawn), but require
additional facters to monaubiquirylate H2B. b | Once the pre-initiation complex (PIC}
has been established through the action of co-activator complexes, such asthe
acetyltransferase SAGA and Medlator, a DNA helicase within TFIIH (XPB in humans and
Red25 in yeast) unwinds DNA at the promoter to introduce a single-stranded template
into the active site of RNA polymerase Il {Pol ll). Another subunit of TFIH, Kin28 in yeast
{COK7 in humans), phasphorylates serine 5 (55} of the carboxy-terminal domain (CTD)
of RNA polymerase |l {Pol I}, releasing Pel il from the promoter. Both phosphorylation of
5 and initiatien of transcription, together with the PAF and BUR complexes that are
important lor this phase of transcription®'®, are required for Raclb-Brel catalysed
moneubiguitylation of H2B in yeast and humans® *, Recent work has shown that the
human RADG-BRE ! pair requires PAF-mediated transcription in vitro [or eflective H2B
ubiguiryiation activity'’. Phosphorylation of Rad6 by the BUR complex might also dlrectly
stimulate its ubiguitin conjugase aclivity. ¢ | During promoter clearance by Polll, the
general transcription factors separate from polymerase. which then transcribes a short
region into the gene. During or preceding this stage of transcription, H28 ubiquitylation
recruits he Cps35 subunit of the COMPASS complex, which ks required for the
methyltransferase Setl to di- and trimethylate histone H3 lysine 4 (H3K4me2/me3)
[REFS 9.116). d | An additional phosphorylation at $2 of the CTD of Pol |} by yeast Ctk1
then occurs and is important for efficient transition of Pol Il into the elongation stage of
transcription. Deubiguitylation of HZB medlated by the Ubp8 subunit of yeast SAGA is
important at some genes for Ctk1 activity™ and for optimal levels of transcriptional
activation®®, TSS, transcription start site; Ub, ubiquitin.
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recruitment ol the serine 2 CTD kinase Ctk1, |, the
absence of UbpB. Ctkl is not recruited to El‘)llgarin
Pol 11, and the subsequent recruitment of (he Hik3g
methyliransferase Set2 is inhibited®™, Phosphorylatigy
of Pol i1 52 by Ctkl (P-TEFb/CDK9 in D. ielanngussay
and humans} is a critical rate-limiting siep in relu,.
ing paused Pol 1L into productive elongation at cer-
tain inducible genes in higher eukaryotes and thj; is
discussed below.

Release of paused Pol IL The activator-dependent
model of gene activation assumes that PIC formatjon
is sufficient to activate gene expression. T'his assump.-
tion was historically sapported by evidence .‘;howing
that pre-formation of 2 PIC on a DNA template before
chromatin assembly facilitates transcriptiou initiation
in vitro®*. Furthermore, many well-studied inducible
genes such as the yeast Gal genes behave as the activatgr.
dependent recruitment model weuld predict. However,
in other examples of inducible gene expression such as
the heat-shock genes in D, melanogaster neither PIC
formation nor nucleosome loss is sufficient to activate
transcription. Additional factors are required to release
Pol I from the PIC into productive transcription elon-
gation (reviewed in REF. 83). Therefore, the rate-limiting
step during the transcription cycle can differ between
various inducible genes.

Heat-shock regulation by release of paused Pol I, Farly
studies of the I melanogaster Hsp70 genes showed that,
befare heat-shock induction, Pol 115 already associated
with the promoter and has transcribed 20-40 bases
downstream of the transcription start site at which
it remains in an arrested state® (FIC 3Ba). How is this
paused polymerase released into productive transcrip-
tion elongation? For Hsp70, release requires recruitment
and activation of the specific transcriptional activa-
tor heat-shock factor (HSF). HSF recruitment alone,
however, is not sufficient to activate transcription®.
Instead, HSF is required for recruitment of a second
factor, P-TEFb, a heterodimer compased of CDK$
aud cyclin T (H& 2E6). P-TEED recruitment has been
found 10 be the crucial step for release because P-TEFD
that is artificially Lethered to the Fsp70 promuoter is siil-
ficient to activate transcriplion in the absence of heat
shock™, Evidence suggests that in addition to phosplio-
rylating 52 of the Pol 1 CTT3, P-TEFD phosphorylates
negative clongation factor {NELF), and 3PT5 in D.RB
sensitivity-inducing factor (DS1F). Phosphorylation
relieves the inhibitory effects of these factors on t‘ht:
polymerase, therefore releasing Pol 11 into productive
transcriptiou elongation®£,

Polll pausing is a key regulatory step for rmmygt'"f-f-
Recent siudies suggest that regulation ol promolet
proximal pausing may be a widespread phenumenen-
Chramalin immupoprecipitation studies Lave slmwrli
that many developmental control and euv‘rronmcnll;l[
responge genes iu 1), melanagaster have 1"“”*‘3_'J po i
at their promoters hefnre activation'”. Sinu!zn'lg'(-)l:h
had previously been found that ﬂpproximuwly z

- ; tics
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In respouse to osmotic stress, two dilferent signalling
pathways converge to phosphorylate and activate the
MAPK Pbs2, which then phosphorylates Hogl (REF 7}
[FIG. 5a]. Hogl phosphorylation induces its nuclear
localization, allowing it to interact with and phospho-
rylute several transcriptional activators, including high
osimolarity-induced trapseription 1 (TTotl) {FIG 5o
and SmplAGC S, Hogl-dependent phosphorylatinn
o 8Smp1 is required for stress-induced pene expression®™
but Hogl-medialed phusphorylation of Hotl is not™.
Instead, Hogl is recruited to Hotl-regulated promoters
through the interaction of the kinase with its substrate,
Hotl (RCF. 34). Furthermore, although the kinase activ-
ity of Hogl is required for binding to chromatin and
transcriptional activation™, Hogl-dependent phaspho-
rylation of Hotl is not*'. These lindings suggest that the
kinase aciivity of Hogl may recruit it, through interac-
tions witl: transcriptional activators such as Hot1, to the
promoters of stress-response genes, at which it might
then play additional parts in transcriplional activation.

Intriguingly, tethering of a Hog1-LexA fusion protein
to a stregs-responsive promoter js sufficient to activate
pene expression after stress™. Moreover, recomibinant
Hogi physically associates with subunits of Pol 11, TFITH
and Mediator independently of transceiptional activators
such as Hot1 [RER 93), These findings suggest that Hogl
recruits Mediator and the geperal transcription machin-
ery Lo stress-Tesponsive promoters during osmotic stress,
and is required for PIC formation™. This unexpected
role for a signalling kinase in activator-dependent
recruitment is not restricted to this example from yeast,
In huans, progesterone induces recruitment of both
the MAPK ERKI and its target MSK1 to targel genes™.
Similar to the Hogl-Iotl example, ERK! recruitment
to FOS serum responsc element-containing gencs
requires the transcriptional activator BLKL [RCI. 96).
Furthermore, an example from a recent study in human
cells that involves gene repression rather than activation
showed that the protein kinase ERK2 (also known as
MAPK1) phasphorylates ranscziption factors, exhib-
its sequence-specific DMA binding and represses the
expression of interferon y-responsive genes independ-
cutly of its kinase activity™. In addition to Hogl, many
other kinases in yeast localize (o chromatin, suggesting
that Lhe presence of signalling kinases at the promoters
of target genes might be a widespread mechanism used
by sigaal transduction pathways.

[ntereslingly, the role of these MAPKSs might not be
limited to PIC formation. Hopl also interacts with the
elongating form of Pol I1 and is found on the coding
regions of bsimosLress-response genes following osmotic
shock™-®. Recent work suppests that Hogl recruits the
RSC nucleosome-remodelling complex te the coding
regions of osmostress-response genes and this facili-
tates efficient transcription by Pol I[I'. This snggests
that signalling kinases mighi have additional roles in
the repulation of transcriptinn elongation, confirm-
ing their funclion as integral components of the tran-
scription cycle. Recent work suggests that the presence
of the MAPKs at the promoters of their larget genes

repression in respense to stimuli. In hurnan Pancreayic
@-cells, ERK1 and 2, p38, JNK and their upstream effec.
tor kinase RSK bind together to the same region of th,
Lasulin promoter in the presence of the proinflammaty,
cytokine Interleukin-1[ (IL-1P)'™. T'hese kinases prq.
mote activation or repression in the presence OfIL-lB,
depeuding on whether the cells are in fasting or hypey.
glycaemic conditions. Therefore, the presence of signal.
ling kinases at the promoters of target genes, which act
as integral components of the transcriplion inachinery,
allows rapid activation or repression of transcription iy
responsce o extracellular signals.

Conclusions

Regulation of inducible gene expression can oceur »
multiple stages of the transcription cycle. At some yenes
such as the Gal genes in yeast the key regnlatory slep
occurs during activator-dependent recruitment of the
transcription machinery. By contrast, Pol IT is already
present on the promoters of other genes snch as the heat-
shock genes in D. melanogaster. At these genes, Lhe key
regulatory step in inducing gene expression occurs at the
release of Pol [T into productive transcription elongation.
In addition, we are beginning to understand that there is
an overlapping relationship between signal transduction
pathways and inducible gene expression, as components
of some signal transduction pathways are ohserved to
functicn as co-activators; for example, the Hog) kinase
in the response to osmotic stress.

Certain fundamental principles still hold true for
all inducible genes despite differences in the relative
importance of each trangcriptional siage to inducible
gene actlvation. First, Inducible genes must he specifi-
cally activated in response to stimuli. Whether ar not the
rate-limiting step occurs at the level ol paused polymer-
ase, PIC formation must occur as the initial step in tran-
scriptiqnal activation to specify the appropriate start sile
for transcription, as identified by sequence-specilic tran-
seriplional activators and DNA-binding protems in the
transcriptional machinery. Following PIC formation and
release of Pol IL {rom the promoter, additional factors are
required to facilitate the switch from an initiation mode
of Pol 1T into transeription elongation.

The widespread dependence of D, inelanoyaster genes
on MELF® and higher than expected aceurrence of
stalled polymerase modecules in D, melanogaster™ sug:
gest that regulation at the tevel of polymerase piausing
might be a general feature of inducible gene expressicr-
Even at the Gal genes, which seero Lo be rcgu]aled pri-
marily a the leve) of activator-dependent recruilments
processes important for refease of paused polymerase
are regulated. For example, deubiquirylation of H2B l)y
SAGA is required for the yeast cquivalent of p-TECR
Uk to phospharylate §2 of the Pol I CTD®. Perhapsthe
only differenices in lerms of regulation between the 149
classes of inducible genes 1ypified by the ¢7al and heat-
shock genes are the relative kinetics and -:nnu-ilmlinn\t‘I
these two regulalory steps to gene activation. Al the G2
genes, SAGA is required for Ctk1-mediated phaspher
ylation of the Pol I CTD and Is directly recruited bY the

. 1 . . . - . X er epgues 6l
might facilitate a rapid switch between activation and  transcriptional activator Gald during the lirs) slages ¢

- N £iGS
wivw.natiire com/reviews/gene
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