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Abstract 

Mediator has been shown to be essential for regulation of RNA Polymerase II 
mediated transcription. Mediator functions as an interface between the 
general transcriptional machinery and a multitude of DNA binding 
transcriptional regulators, although the molecular mechanism for the 
process is elusive. Mediator is a large complex of over twenty subunits, most 
of which are conserved from yeast to plants to mammals. Many of these 
subunits are essential for viability in yeast, and mutations in the 
corresponding genes have global effects on transcription. Mediator was 
originally identified in Saccharomyces cerevisiae, but has since been 
described in most eukaryotes. However, until recently the Mediator complex 
was not identified in plants. This thesis describes the first successful 
identification and isolation of the Mediator complex from the plant 
Arabidopsis thaliana. By raising antibodies against candidate A. thaliana 
Mediator subunits, we were able to purify a multisubunit protein complex. 
Mass spectrometry and bioinformatics analysis allowed us to identify 21 of 
these subunits as conserved Mediator components and six as A. thaliana 
specific subunits. Some of the genes that encode the identified Mediator 
subunits had earlier been described as components of specific regulatory 
pathways controlling for example cell proliferation and flowering time. 
Subsequent genetic analysis confirmed that the A. thaliana Mediator 
complex is important for several plant signaling pathways, including 
flowering and stress pathways. This thesis also describes identification of 
regulators that interact with the A. thaliana Mediator subunit Med25, 
previously identified as PFT1 (Phytochrome and Flowering Time 1) and 
implicated in regulation of flowering time in response to light quality. 
Finally, we describe the function of Mediator in S. cerevisiae using genome-
wide approaches. We have carried out a transcriptional switch where half of 
the genome changes expression and determined Mediator occupancy across 
the genome before and after such a switch, using ChIP-SEQ on tagged 
subunits from different Mediator domains. Unexpectedly, we find that 
Mediator occupancy is limited at most promoters. However, at the highly 
occupied promoters, we see different modes of changes in occupancy as a 
result of the transcriptional switch. These highly occupied promoters control 
genes involved in different stress response pathways. Thus, our results 
suggest that Mediator function and composition differ considerably between 
different promoters.  



iii 

List of papers 

 

I. Backstrom, S., Elfving, N., Nilsson, R., Wingsle, G., and Bjorklund, S. 
(2007). Purification of a plant mediator from Arabidopsis thaliana identifies 
PFT1 as the Med25 subunit. Mol Cell 26, 717-729. 

 

II. Elfving, N.*, Davoine, C.*, Benlloch, R., Blomberg, J., Brannstrom, K., 
Muller, D., Nilsson, A., Ulfstedt, M., Ronne, H., Wingsle, G., et al. (2011). 
The Arabidopsis thaliana Med25 mediator subunit integrates environmental 
cues to control plant development. Proc Natl Acad Sci U S A 108, 8245-8250.  

* Equally contributing authors. 
 

III. Elfving, N., Chereji, R., Larsson, M., Morozov, A.V., Broach, J.R., 
Bjorklund, S. Mediator exists in multiple forms and is predominantly 
associated to promoters with low nuclesome density  

Manuscript in preparation.  
 



iv 

Abbreviations 

 
ACID – activator interaction domain 

AD – activation domain 

AMPK – AMP-activated protein kinase 

AMP – adenosine monophosphate 

ATP – adenosine triphosphate 

bp – base-pair 

ChIP-SEQ – Chromatin immunoprecipitation-sequencing 

CTD – C-terminal domain of Pol II 

CO -- CONSTANS 

C-terminus – carboxy-terminus 

DBD – DNA binding domain 

DEAE – diethylaminoethyl 

DNA – deoxyribonucleic acid 

DRE – dehydration-responsive element 

DREB2A – drought response element binding protein 2A 

FLC – FLOWERING LOCUS C 

FT – FLOWERING LOCUS T 

GI – GIGANTEA 

GTF – general transcription factor 

H1 – histone 1 

H2A – histone 2A 

H2B – histone 2B 

H3 – histone 3 

H4 – histone 4 

MNase – micrococcal nuclease 

NDR – nucleosome depleted region 

ORF – open reading frame 

PFT1 – Phytochrome and Flowering Time 1 

PIC – pre-initiation complex 

PHY – PHYTOCHROME 



v 

PKA – Protein Kinase A 

Pol I – RNA polymerase I 

Pol II – RNA polymerase II 

Pol III – RNA polymerase III 

Pol IV – RNA polymerase IV 

Pol V – RNA polymerase V 

Pfr – far-red-absorbing form of PHY receptor 

Pr – red-absorbing form of PHY receptor 

RD – repressive domain 

RNA – ribonucleic acid 

mRNA – messenger RNA 

miRNA – micro RNA 

ncRNA – non-coding RNA 

rRNA – ribosomal RNA 

siRNA – small interfering RNA 

tRNA – transfer RNA 

STRE – stress response element 

TATA box – a DNA sequence in promoters, usually TATAAATA 

TAD – transcriptional activation domain 

TBP – TATA binding protein 

TFIIB – transcription factor II B 

TFIID – transcription factor II D 

TFIIE – transcription factor II E 

TFIIF – transcription factor II F 

TFIIH – transcription factor II H 

TFIIS – transcription factor II S 

TSF – TWIN SISTER OF FT 

TSS – transcription start site 

URS – upstream regulating sequence 

Y2H – yeast two hybrid 

ZFHD1 – zinc finger homeodomain 1 



 

1 

Introduction 

Eukaryotic transcription 

Transcription is a process in which genetic information is transferred 
from DNA to RNA.  Many types of RNA, such as rRNA, tRNA, and ncRNA, 
are themselves the end-product of gene expression, while mRNAs serve as 
the instruction manual from which ribosomes synthesize enzymes, structural 
proteins, signaling factors, and the myriad other proteins essential for all 
processes in the organism.  In each case, all the genetic information encoded 
in the DNA of living cells is first read out in the form of RNA.  Thus, 
regulation of RNA synthesis is a crucial event in all organisms, allowing them 
to adapt to changing environments, differentiate, divide, or simply maintain 
their status quo. 

In eukaryotes, there are different machineries accountable for 
transcription of different kinds of genes.  Thus, genes encoding rRNA and 
tRNA are transcribed by RNA Polymerases I and III, respectively, whereas 
protein-coding genes are transcribed into mRNA by RNA Polymerase II (Pol 
II).  All the polymerases also require cofactors in order to recognize and bind 
promoters to initiate transcription (Kornberg, 1999; Russell and Zomerdijk, 
2006; White, 2004).  

In the case of Pol II, there is a core transcriptional machinery that 
includes the general initiation factors, TFIIB, TFIID, TFIIE, TFIIF, and 
TFIIH.  They constitute the minimal assembly that is needed for Pol II to 
recognize promoters and initiate transcription on naked DNA templates in 
an in vitro reconstituted system (Conaway and Conaway, 2011). However, 
such a system is unable to respond to the activating or repressing activity of 
specific transcription factors, and it became clear that other intermediary 
factors (cofactors) are needed to convey signals from DNA-bound 
transcription regulator proteins to the general Pol II transcription machinery 
(Flanagan et al., 1991; Kelleher et al., 1990). This function is performed by 
the conserved Mediator complex (Kim et al., 1994; Koleske and Young, 
1994). Additional factors are also required for transcription elongation in the 
context of chromatin in vivo. 

Chromatin is the highly condensed structure of DNA packaged around 
nucleosomes, accompanied by modifications to the DNA, such as 
methylation, and to the nucleosomes, such as acetylation, ubiquitylation, 
methylation and phosphorylation. Nucleosomes are a major block to 
transcription initiation and must be removed from promoters before the 
transcription initiation complex can assemble.  Studies during the past 20 or 
so years have uncovered an army of factors dedicated to the modification 
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and maintenance of chromatin states, including chromatin remodeling 
complexes that shift nucleosome positions (e.g. SWI/SNF) (Cairns et al., 
1994; Peterson and Herskowitz, 1992), histone acetyltransferases (e.g. 
SAGA) (Brownell et al., 1996; Grant et al., 1997), which allow greater access 
of other proteins to DNA, histone deacetylases (e.g. Rpd3) (Rundlett et al., 
1996), which have the opposite effect of making DNA inaccessible to other 
factors, and histone methyltransferases (e.g. Set1) (Nislow et al., 1997), 
which are likewise associated with repression in budding yeast (Radman-
Livaja and Rando, 2010).    

 
Finally, specific transcription factors, usually referred to simply as 

transcription factors, are the link between cell signaling pathways and gene 
expression and allow cells to modulate their transcriptional programs in 
accordance with their particular needs. They bind to promoters and to 
enhancer or repressor elements located at a distance from the core promoter 
and contribute to activation or repression of transcription, respectively.  
Eukaryotic transcription activators are modular proteins that are typically 
composed of a sequence-specific DNA binding domain (DBD) and an 
activation domain (AD). It is established that the activating domains interact 
with components of the Pol II transcriptional apparatus, such as Mediator, 
and with chromatin remodeling factors (Naar et al., 2001). 

 
The subject of this thesis is transcriptional regulation, with a particular 

emphasis on the transcription cofactor Mediator.  This thesis presents the 
first successful isolation of the Mediator complex in plants, followed by an 
investigation of its importance in transcriptional responses to stress and its 
involvement in flowering pathways in plants.  Subsequently, the response of 
transcription regulators to a well-characterized environmental signal is 
examined on a genome-wide level in budding yeast. Specifically, the 
redistribution of various Mediator subunits, Pol II and a transcription factor, 
Msn2, as well as nucleosome positions are mapped across the yeast genome.   

RNA polymerase II 

In eukaryotes, Pol II transcribes the protein-coding genes and some small 
nuclear RNAs (snRNAs), while rRNA and tRNA are transcribed by Pol I and 
Pol III.  Pol II consists of 12 subunits, including a 10-subunit catalytic core 
and a heterodimeric subcomplex of Rpb4/7, which is essential for initiation 
but not elongation in vitro (Christie et al., 1994; Edwards et al., 1991). In 
vivo studies have, however, shown that Rpb4/7 have occupancy profiles 
virtually identical to those of the core subunits (Jasiak et al., 2008; Vannini 
and Cramer, 2012). 
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The largest subunit, Rpb1, has a C-terminal domain (CTD) that is 
comprised of tandem heptad repeats, 26 in budding yeast and, 34 in 
Arabidopsis and 52 in humans, with the consensus sequence Y1S2P3T4S5P6S7. 
CTD is conserved between yeast and mammals (Allison et al., 1985; 
Nawrath et al., 1990).  Phosphorylation and other modifications of the CTD 
play several roles in the proper functioning of Pol II.  For example, the 
TFIIH-associated yeast kinase Kin28 phosphorylates serine 5 (S5) in the CTD 
repeats, which is thought to release Pol II from the promoter-bound pre-
initiation complex. Kin28 has also been found to facilitate association of Pol 
II with both the Set1 H3K4 methyltransferase and the Nrd1-Nab3 
termination complex, both of which promote termination of cryptic 
transcripts (Drogat and Hermand, 2012; Nislow et al., 1997; Vasiljeva et 
al., 2008; Venters and Pugh, 2009b).  Yet another role of Kin28 is to 
enhance the association of Pol II with the 5’-capping enzyme (Beelman and 
Parker, 1995; Hamm and Mattaj, 1990; Shatkin, 1976, 1985). After 
promoter release, the levels of Kin28-phosphorylated S5 gradually decline 
(Drogat and Hermand, 2012).  S7 is also phosphorylated early on by Kin28, 
but this mark seems to remain constant throughout elongation, and its 
function is still elusive (Drogat and Hermand, 2012).  While S5 
phosphorylation decreases during elongation, S2 phosphorylation, catalyzed 
by Ctk1 and Bur1, increases, although the precise dynamics depend on gene 
length and expression levels for individual mRNAs (Drogat and Hermand, 
2012; Kim et al., 2010).  Phosphorylated S2 facilitates the association of 
polyadenylation factors and recruits the Set2 methyltransferase, which 
methylates lysine 36 on histone H3, a repressive mark necessary for 
preventing transcription initiation inside coding regions (Drogat and 
Hermand, 2012; Venters and Pugh, 2009b). 

At the beginning of the transcription cycle, Pol II gains access to the 
promoter, which may require nucleosome eviction, and a pre-initiation 
complex assembles. This complex is composed of Pol II, the general 
initiation factors, and sometimes Mediator (Fuda et al., 2009). Next, DNA is 
unwound, and transcription is initiated, with phosphorylated S5 on the CTD 
perhaps helping to release Pol II from the promoter, as mentioned above 
(Fuda et al., 2009).  Pol II exchanges initiation factors for elongation factors 
about 150 nucleotides downstream of the transcription start site (Drogat 
and Hermand, 2012).    Elongation is rapid but also discontinuous, because 
Pol II elongates by Brownian motion and thus can pause and backtrack, 
which may be important for its proofreading capacity (Selth et al., 2010; 
Sigurdsson et al., 2010).  To escape stalling, the elongation factor TFIIS 
stimulates transcript cleavage by the backtracked Pol II, which realigns the 
active site and allows elongation to continue (Sigurdsson et al., 2010).  
Interestingly, if Pol II stalling cannot be resolved, for example upon head-to-
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head collision of two polymerases during convergent transcription, the 
polymerases are ubiquitylated and degraded (Hobson et al., 2012).   Finally, 
after successful termination, Pol II can reinitiate to start another cycle of 
transcription (Fuda et al., 2009). 

In the past decade, several efforts have been made to elucidate where Pol 
II binds across the genome of budding yeast.  There seems to be a consensus 
that Pol II is enriched at active genes and depleted from silent ones.  
However, there is some controversy about the details.  For example, 
Steinmetz and colleagues found that Pol II is distributed both at transcribed 
and non-transcribed genes when grown in rich media, although the amount 
of occupancy correlated fairly well with transcription rates (Steinmetz et al., 
2006). Moreover, these reports indicated that the levels of Pol II at coding 
sequences correlated fairly well to its levels at the corresponding promoters.  
More recent studies, however, assert that the amounts of Pol II at silent 
genes are detectable, but negligible, in optimal growth conditions (Jasiak et 
al., 2008; Venters and Pugh, 2009b). 

In particular, Venters and Pugh carried out an extensive study, looking at 
genome-wide occupancy of two Pol II subunits, Rpb1 and Rpb3, two general 
transcription factors, TFIIB and TBP (part of TFIID), chromatin remodeling 
complexes, and sequence-specific regulators in rich media (Venters and 
Pugh, 2009a).  They reported that these factors are present at highly and 
moderately expressed genes, as well as at genes with confirmed antisense 
transcripts. They argued that Pol II was relatively depleted from weakly 
expressed genes, and completely absent from repressed genes, contending 
that about 50% of the genome has less than 5% of the maximum Pol II 
density and that most genes are infrequently transcribed and contain little 
Pol II. In addition, they found that in most genes Pol II occupancy peaked at 
promoter regions, more specifically at -100 bp from the transcription start 
site, which is about 40 bp upstream of where TBP and TFIIB assemble in the 
pre-initiation complex (PIC).  The results were similar for both TATA-
containing and TATA-less promoters.  Only highly expressed genes had Pol 
II evenly distributed across the gene, rather than concentrated at the 5’ ends 
or at promoters, suggesting that at highly expressed genes there is a rapid 
recruitment of Pol II and an immediate transition to the elongation phase. In 
contrast, most other genes are regulated both at the recruitment and post-
recruitment stages. 

In human embryonic stem cells, some developmental genes have Pol II 
poised at their promoters, while at the same time the genes are marked by 
repressive H3K27 trimethylation (Koch et al., 2008).  This is interpreted to 
mean that Pol II is kept ready for quick initiation, as soon as the repressive 
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marks are removed.  Similar poising is observed at the heat shock genes in 
many organisms. (Park et al., 2001)  Neither Venters and Pugh, 2009 nor 
Jasiak et al, 2008 found evidence of Pol II being poised at silent genes of 
budding yeast in rich media (Jasiak et al., 2008; Venters and Pugh, 2009a).  
However, such poising was observed in stationary phase, where Pol II bound 
upstream of inactive but developmentally important genes. During 
stationary phase exit, over 2500 genes are quickly upregulated, suggesting 
that Pol II may sit, ready for action, at many of these genes in stationary 
phase (Radonjic et al., 2005). 

In another paper, Zanton and Pugh, (2006) carried out a genome-wide 
study of the occupancy of Pol II, various regulatory proteins, and 
nucleosomes when the yeast genome is reprogrammed by heat shock.  At 25° 
C, Pol II and the general initiation factors were enriched, while histones were 
depleted at active promoters compared with silent promoters.  A shift to 37° 
caused changes in Pol II occupancy that, for the most part, mirrored changes 
in mRNA levels, with concomitant depletion of nucleosomes from those 
promoters.  At the same time, there were cases of partial pre-initiation 
complex assembly, where general initiation factors were recruited, but Pol II 
was not, nucleosomes were not lost, and the genes were not activated 
(Zanton and Pugh, 2006). 

Mediator 
 
 The conserved Mediator complex facilitates Pol II interactions with a 
multitude of DNA binding regulators (activators/repressors) and is required 
for the transcription and regulation of most protein-coding genes in 
eukaryotes (Conaway and Conaway, 2011).   
 
 The first indication of a requirement for such an activity came from 
experiments in a Saccharomyces cerevisiae basal transcription in vitro 
system, consisting of purified general transcription factors and Pol II. A 
yeast component was identified to both stimulate basal transcription and 
allow induction by the transcriptional activators Gal4-VP16 and Gcn4 
(Flanagan et al., 1991; Kelleher et al., 1990). This component, to be known 
as the Mediator complex, was soon purified from yeast (Kim et al., 1994; 
Koleske and Young, 1994).  Subsequently, it proved to be highly conserved 
among eukaryotes, although metazoans possess additional subunits not 
found in yeast (Conaway and Conaway, 2011).  It exists both in free form 
and as part of a holoenzyme with Pol II (Kim et al., 1994; Myers et al., 
1998). Besides its role as an adaptor between Pol II and various DNA binding 
regulators (Flanagan et al., 1991; Kelleher et al., 1990; Kim et al., 1994; Koh 
et al., 1998; Koleske and Young, 1994; Song and Carlson, 1998), Mediator 
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has also been reported to aid recruitment of the general transcription factors 
to the preinitiation complex, including TFIID, TFIIE, and TFIIH (Esnault et 
al., 2008; Johnson et al., 2002). In addition, Mediator has been found to 
affect transition between initiation and elongation (Jiang et al., 1998; Kim et 
al., 1994). 

Among the Mediator proteins identified in yeast, many were initially 
identified in genetic screens as Pol II regulators (Gustafsson et al., 1998; 
Kim et al., 1994). For example, GAL11, which encodes Med15, was first found 
via its requirement for Gal4-activated Pol II transcription (Suzuki et al., 
1988). Soon after, it was found to be involved in derepression of SUC2 upon 
glucose limitation (Vallier and Carlson, 1991).  Meanwhile, RGR1, which 
encodes Med14, is required for glucose-dependent repression of SUC2 
(Sakai et al., 1990).  
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Figure 1. A core Mediator complex of the head-middle-tail modules and Pol 
II, forming a holoenzyme, are shown bound to a TATA-box containing 
promoter together with the general transcription factors (GTFs).  The kinase 
module is shown as a separate complex. Mediator subunits are shown as 
blue ellipses. A Regulator (depicted in red) is shown bound to an upstream 
regulating sequence (URS), pointing towards the Mediator tail domain, 
whose primary role is to interact with regulators. The middle and head 
modules have been shown to interact with Pol II and GTFs, whereas the 
kinase module binding to Mediator is mutually exclusive with Pol II binding 
to Mediator (Elmlund et al., 2006).  

 Based on biochemical and structural studies, the Mediator subunits have 
been categorized into head, middle, tail, and kinase modules (Davis et al., 
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2002; Dotson et al., 2000; Elmlund et al., 2006) (Fig. 1).  A core complex of 
the head-middle-tail domains can be isolated alone, associated with Pol II, or 
associated with the kinase module. Moreover, binding of the kinase module, 
which includes CDK8, Cyclin C, Med12, and Med13, seems to preclude 
association with Pol II by blocking its interaction to the head and middle 
domains (Elmlund et al., 2006).  Phosphorylation of the Pol II CTD on 
serine 5 by CDK8 prior to the association of the preinitiation complex with 
promoter DNA has also been reported to negatively regulate transcription 
(Hengartner et al., 1998).   

The Mediator head module in yeast includes Med6, Med8, Med11, Med17, 
Med18, Med19, Med20, and Med22 (Conaway and Conaway, 2011).  It 
binds Pol II and the general initiation factors, such as TFIID.  While alone it 
is able and required to stimulate basal transcription, it cannot alone mediate 
the response of Pol II to transcriptional activators (Cai et al, 2010, Kang et 
al, 2001, Lee et al, 1999).   

The middle module includes Med1, Med4, Med7, Med9, Med10, Med21, 
and Med31 (Conaway and Conaway, 2011). Subunits of this domain show 
synthetic interactions with chromatin remodeling complexes, elongation 
complexes, as well as histone deacetylases involved in repression (Zhu et al, 
2011). There are also some reports that histone tail modifications may affect 
Mediator interaction with chromatin via its middle domain (Zhu et al, 2011). 

Med14 is at the interface of the middle and tail, domains, The tail domain 
comprises the Med2, Med3, Med5, Med15, and Med16 subunits.  All the tail 
subunits directly interact with DNA binding regulators and are thus believed 
to recruit Mediator to different genes (Herbig et al., 2010; Lee et al., 1999; 
Myers et al., 1999; Natarajan et al., 1999; Park et al., 2000; Zhang et al., 
2004). Consistently, the tail is the least conserved domain of the Mediator 
complex, reflecting the variation in promoter-bound transcription factors 
among different organisms (Conaway and Conaway, 2011). 

Genome-wide studies of Mediator binding in yeast still leave a somewhat 
confused picture as to the function of Mediator in vivo. For example, Andrau 
et al, 2006 concluded that in optimal growth conditions, Mediator associates 
with enhancers and coding regions of active but also of inactive genes.  
According to this scenario, Mediator occupancy is not necessarily indicative 
of transcription of the corresponding gene and may in some cases be 
repressive (Andrau et al., 2006). By contrast, Struhl and colleagues argued 
that Mediator is recruited to the promoters of some, but not all, highly 
transcribed genes, depending on which transcription activator is responsible 
for induction (Fan et al., 2006). Moreover, they contended that this occurs 
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during stress and that Mediator has few targets in optimal growth 
conditions. As an alternative scenario, they proposed that Mediator 
association with some genomic regions may be more prevalent but is too 
transient to be detected using current technologies without introducing 
significant artifacts (Fan and Struhl, 2009; Fan et al., 2006). Venters and 
Pugh likewise placed Mediator in promoter regions (Fig. 3), between the -1 
nucleosome and the TATA box region in cultures grown in rich media 
(Venters and Pugh, 2009a).  Nevertheless, all these studies seem to agree 
that, in contrast to Pol II binding, which in general correlates well with 
transcription rates, Mediator occupancy does not.  A further complicating 
factor is the role of the repressive kinase module, which may phosphorylate 
and inhibit both transcription factors and, as mentioned above, Pol II itself 
(Chi et al., 2001; Hengartner et al., 1998).  

In plants, the existence of Mediator was suggested by sequence analysis, 
but the complex itself was not purified until 2007 from A. thaliana 
(Backstrom et al., 2007).  Backstrom and colleagues identified 21 conserved 
and six A. thaliana-specific subunits of the plant Mediator. There is only low 
sequence similarities between the A. thaliana Mediator subunits and 
Mediator subunits from other eukaryotes, 20-30% at best, although the 
similarity is much greater between different plants (Backstrom et al., 2007; 
Kidd et al., 2011).  However, deeper comparative genomic analysis suggests 
that all conserved Mediator subunits except Med1 and Med26 exist in A. 
thaliana (Bourbon, 2008).  In addition, genes homologous to Med12, 
Med13, and Cdk8 in the kinase domain are present in the A. thaliana 
genome (Mathur et al., 2011).  

Subsequent genetic analysis confirmed that the plant Mediator is 
important for the transcriptional response in several plant signaling 
pathways, including flowering and stress responses (Elfving et al., 2011; 
Kidd et al., 2011; Kidd et al., 2009).  Indeed, some of the genes encoding  
Mediator subunits had previously been identified as involved in flowering 
time and cell proliferation (Cerdan and Chory, 2003; Clay and Nelson, 
2005).  Elfving et al, 2011, showed that plant Mediator acts downstream of 
transcription factors, while Bäckström et al, 2007 noted that it co-
immunoprecipitates with Pol II.  These findings indicate that plant Mediator 
has the same function of an adaptor between transcription factors and the 
general transcriptional machinery as it has in other eukaryotes.  In addition, 
plant Mediator has been shown to be involved in the production of miRNA 
by Pol II (Kim and Chen, 2011).  In plants, miRNAs are derived from 
intergenic regions and they have their own promoters (Kim et al., 2011).  
Plants also have two additional polymerases, Pol IV and Pol V, both of which 
transcribe siRNA from repeats and transposable elements.  Mediator subunit 
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mutants did however not show defects in Pol IV- and Pol V-dependent 
siRNA production (Kim and Chen, 2011).  Since Pol IV and Pol V show 
considerable homology to Pol II and, in fact, probably diverged from Pol II, 
the possibility of Mediator being involved in Pol IV- and Pol V-dependent 
activity warrants further exploration (Kim et al., 2011). 

Chromatin 

The nucleosome hypothesis was formulated by Roger Kornberg in 1974 
(Kornberg, 1974). He proposed that the eukaryotic genome is organized as 
chromatin, where DNA is tightly packaged around a core of structural 
proteins — histones — to generate a nucleosome array that is also 
fundamental for controlling gene expression. Now, several decades later, we 
have gained a substantially more detailed picture of chromatin organization, 
but almost all predictions from Kornberg’s original theory have been 
remarkably accurate. The nucleosome core particle consists of two histone 
H2A/H2B and H3/H4 heterodimers, forming a histone octamer wrapped 1.7 
turns around 147 base-pairs of DNA. There are typically 10-50 base-pairs of 
linker DNA between the nucleosomes, and this is bound by linker histone H1 
(Segal et al, 2006, Jansen and Verstrepen, 2011).  The nucleosome arrays 
are further packaged into higher-order structures to form chromosomes 
(Fig. 2). Moreover, the core histones have flexible “tails” that extend out of 
the nucleosome, and can acquire various post-translational modifications, 
such as methylation and acetylation, that are associated with different states 
of gene expression (Araki et al., 2009; Lee et al., 1993; Morales and 
Richard-Foy, 2000; Zhang and Reinberg, 2001). 

Early studies on single genes in budding yeast, such as PHO5, CUP1, and 
HIS3 have revealed that  the occlusion of DNA sequences by the binding of 
nucleosomes can inhibit association of transcription factors and the 
transcriptional machinery with those sequences (Durrin et al., 1992; Han et 
al., 1988). Consistently, chromatin remodeling factors are often recruited 
during gene induction, both factors which add covalent modifications to 
histone tails and those that alter nucleosome positions in an ATP-dependent 
manner (Brownell et al., 1996; Cote et al., 1994; Imbalzano et al., 1994; Li 
et al., 2007). However, genome-wide experiments of the past decade paint a 
complicated picture as to how nucleosomes bear on transcription.  
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Figure 2. Packaging of eukaryotic DNA. Top panel, left to right: The DNA 
double helix, is wrapped around a histone core, forming the "beads on a 
string”, which condense into the 30 nm fibre. Bottom panel: The resulting 
chromatin is packaged into further higher-order structures, and the 
condensed chromosome is shown on the right.  
 

The first such experiments (Bernstein et al., 2004; Lee et al., 2004; Lee 
et al., 2007; Yuan et al., 2005) used microarrays to identify DNA protected 
by nucleosomes from micrococcal nuclease (MNase) digestion.  They 
confirmed the frequent presence of a nucleosome depleted region (NDR) at 
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promoters, bordered by highly positioned nucleosomes, referred to as -1 and 
+1. The NDR spans 150-200 base-pairs upstream from the transcription 
start site (TSS). The center of the +1 nucleosome is positioned around 50-60 
base-pairs downstream of the TSS, so that the start of transcription is ~10 
bases into the +1 nucleosome (Albert et al., 2007; Radman-Livaja and 
Rando, 2010). In addition, NDRs are often enriched in poly(dA:dT) 
sequences, presumably because these are stiff and harder to wrap around 
nucleosomes, and depleted of AA/AT/TT dinucleotide sequences spaced at 
10 base-pair intervals, which are more likely present in nucleosome-
containing regions, because they are flexible and allow the DNA to twist 
around the nucleosome (Radman-Livaja and Rando, 2010). The NDR and 
the regular nucleosome positioning relative to the TSS are features 
conserved from yeast to flies and mammals (Venters and Pugh, 2009b).   

Subsequent genome-wide studies (Albert et al., 2007; Field et al., 2008; 
Mavrich et al., 2008) combined MNase digestion with high-throughput 
sequencing for better resolution and coverage of nucleosome-protected 
DNA. These studies also described an additional NDR at the 3’ ends of genes, 
around the termination site, although its significance is yet to be elucidated.  

How is the NDR created, and how are nucleosomes positioned?  Some 
researchers have argued for a “nucleosome code”, in which the intrinsic 
affinity of DNA sequences for nucleosomes determined nucleosome 
organization, while remodeling complexes would help nucleosomes to find 
optimal positions rapidly (Kaplan et al., 2009; Segal et al., 2006). Kaplan et 
al, 2009, compared in vitro assembled chromatin with in vivo maps and 
concluded that the correlation of nucleosome occupancy was high. A parallel 
study, conducted a similar experiment (Zhang et al., 2009). Besides 
differences in methodology, these researchers made a distinction between 
nucleosome occupancy (the density of nucleosomes) and nucleosome 
positioning (the location of nucleosomes), and found the latter to correlate 
poorly between in vitro and in vivo maps. A consensus now seems to be 
emerging that antinucleosomal sequences, such as high %GC and 
poly(dA:dT) tracts, favour the formation of NDRs, and that the periodic 
spacing of AA/AT/TT dinucleotides may affect the rotational positioning of 
nucleosomes (Hughes and Rando, 2009; Jansen and Verstrepen, 2011; 
Radman-Livaja and Rando, 2010). However, while nucleosomes show a 
DNA sequence preference in vitro, the translational positioning (that is, 
location) of the +1 and -1 nucleosomes in vivo is determined not by DNA 
sequence but rather by remodeling complexes or the transcriptional 
machinery (Radman-Livaja and Rando, 2010). The +1 and -1 nucleosomes 
act as barriers against which subsequent nucleosomes stack up in a 
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positioned array.  This so-called “statistical positioning” model was first 
proposed by Kornberg and Stryer (Kornberg and Stryer, 1988).  

The proteins that may determine nucleosome occupancy and positioning 
include transcription factors, especially broad regulators, such as Afb1 and 
Rap1, chromatin remodelers, and RNA polymerases (Radman-Livaja and 
Rando, 2010). There are several classes of chromatin remodelers, including 
SWI/SNF, ISWI, INO80, and CHD (Radman-Livaja and Rando, 2010).  
RSC, belonging to the SWI/SNF class, binds to about 700 targets in yeast, 
most of them Pol III promoters but also a subset of Pol II promoters that is 
enriched in TATA boxes.  Loss of RSC causes gain of nucleosome occupancy 
at these promoters, as well as some decrease in transcription (Li et al., 2007; 
Lorch et al., 2001; Radman-Livaja and Rando, 2010).  Abf1 and Rap1 (aside 
from their role in silencing) are important for transcription of ribosomal 
protein genes, which are highly transcribed in exponentially growing 
cultures (Jansen and Verstrepen, 2011; Zaman et al., 2008). Abf1 and Rap1 
are thought to evict nucleosomes from these promoters by competing with 
nucleosomes for binding, and the -1 nucleosome is usually absent (Jansen 
and Verstrepen, 2011; Zaman et al., 2008). It is still unclear whether 
nucleosome displacement must always take place during transcription 
elongation (Selth et al., 2010). However, even if RNA polymerases can 
sometimes move through nucleosomes in vivo without displacing them, they 
are nevertheless important factors in nucleosome occupancy and positioning 
(Jansen and Verstrepen, 2011; Selth et al., 2010). At high transcription 
rates, nucleosomes are less dense and more delocalized over the coding 
region, and the NDR is wider, largely due to loss of the -1 nucleosome 
(Jansen and Verstrepen, 2011; Radman-Livaja and Rando, 2010; 
Svejstrup, 2010). Venters and Pugh, 2009, suggest that eviction of the -1 
nucleosome is necessary for pre-initiation complex formation (Venters and 
Pugh, 2009a). 

What do genome-wide studies tell us about the role of nucleosome 
positioning in gene regulation? Interestingly, the NDRs in promoters are 
enriched in regulatory sequences, such as transcription factor binding sites 
and TATA boxes (Jansen and Verstrepen, 2011).  There is evidence that 
nucleosomes help to conceal both cryptic initiation sites and spurious 
transcription factor binding sequences, because sequences to which a 
transcription factor may bind are often more numerous across the genome 
than those to which the transcription factor actually does bind in vivo 
(Svejstrup, 2010; Whitehouse et al., 2007; Zawadzki et al., 2009).  Lee et al, 
2007, have also reported that nucleosome occupancy of genes correlates with 
transcription rates, but whether nucleosome occupancy influences 
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transcription, or transcription influences nucleosome occupancy cannot be 
determined from a static experiment (Lee et al., 2007). 

There have been few studies reported where changes in nucleosome 
occupancy or positioning were analyzed after an environmental change.  Lee 
et al, 2004 showed that 65% of the genes that are induced or repressed by 
heat shock displayed changes in nucleosome occupancy. However, 
Shivaswamy et al, 2008, found that 15 minutes of heat shock caused less 
than 10% of nucleosomes to be displaced 100 bp or more.  Most of these 
changes involved only one or two nucleosomes per gene – that is, in 
promoters – and changes in nucleosome occupancy predominated over 
changes in positioning (Shivaswamy et al., 2008). Notably, these changes 
also took place for genes whose expression didn’t change after heat shock 
(Shivaswamy and Iyer, 2008). Interestingly, this group observed that 
promoters containing TATA boxes, which constitute 20% of all yeast 
promoters, tended to have poorly positioned nucleosomes and higher 
transcription rates than TATA-less promoters. Of genes activated two-fold or 
more by heat shock, two classes stood out: those in which a single 
nucleosome covering the promoter disappeared after heat shock and those 
where the NDR was present both before and after heat shock.  The former 
class was enriched for Msn4-regulated stress genes, while the latter was 
enriched for targets of Hsf1.  The authors proposed two modes of action by 
these transcription factors: Hsf1 constitutively binds to heat shock 
promoters, leading to eviction of nucleosomes even in stress-free conditions, 
while Msn4 binds and evicts nucleosomes when it translocates into the 
nucleus upon a stress.  Similarly, for genes repressed two-fold or more, there 
was one class where a nucleosome appeared in the NDR after heat shock and 
another class where no change in the NDR took place.  The former was 
enriched in the targets of Rap1, Ifh1, Fhl1, and Esa1, all of which are involved 
in transcription of ribosomal protein genes during normal growth (Reid et 
al., 2000; Rudra et al., 2005; Schawalder et al., 2004; Wade et al., 2004).   

Zawadzki et al, 2009 likewise attested that switching cultures from 
glycerol to glucose media leads to changes in nucleosome occupancy in the 
promoters of only 10% of genes, 20 and 60 minutes post switch, although 
50% of all genes change expression in these conditions. Likewise, usually 
only a single nucleosome, around -100 to -550 base-pairs from the TSS, was 
affected. Among the genes that showed changes both in expression and in 
nucleosome positioning, there was enrichment for TATA box-containing 
genes. Consistent with the observation that TATA-boxes are prevalent in 
stress response genes, 71% of TATA box-containing genes were repressed by 
glucose addition and gained nucleosomes. In addition, Shivaswamy’s finding 
that TATA box-containing promoters are unusual in having a less uniformly 
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positioned NDR (that is, often not centered 100 base-pairs upstream of the 
TSS) was confirmed.  

Tirosh and Barkai, 2008 performed a computational study of data 
available in the literature and confirmed the distinctiveness of TATA box-
containing promoters.  According to these authors, transcriptional plasticity, 
or the dynamic range of expression of a gene, is correlated with increased 
nucleosome occupancy at the promoter. Furthermore, this finding is also 
valid for transcriptional plasticity of both activation and repression.  In other 
words, promoters with high nucleosome occupancy are more responsive to 
transcriptional regulation. These TATA box enriched promoters have less 
well positioned and more dynamic nucleosomes, consistent with the findings 
of Shivaswamy et al, 2008 and Zawadzki et al, 2009.  As expected, these 
promoters are also on average more sensitive to disruption of chromatin 
remodeling processes. 

It is unclear why TATA box-containing promoters are associated with 
nucleosome remodeling, since the TATA box itself is not required for 
remodeling. For example, PHO5 and CUP1 promoters that are mutated and 
lacking TATA boxes still exhibit wild-type nucleosome remodeling 
(Zawadzki et al., 2009). It’s also not apparent what causes promoters 
without TATA boxes to undergo remodeling (Zawadzki et al., 2009).  

Finally, Huebert et al, 2012, treated cells with H2O2 stress and found 
somewhat bigger changes in nucleosome status. According to their findings, 
22% of all genes gained or lost nucleosomes, although most of these changes 
involved only one nucleosome in the promoter region. Nucleosome gain was 
typically found upstream of repressed genes, and nucleosome loss was 
detected upstream of induced genes. Most of the induced genes are regulated 
by Msn2 and contain STRE motifs.  In agreement with Shivaswamy et al, 
2008 and Zawadzki et al, 2009 many genes that didn’t change expression 
still showed changes in nucleosome occupancy.  This remodeling seemed to 
expose an additional 26% of STRE sites, besides the 46% that were 
unoccupied before stress. These researchers performed a detailed time-
course, taking data at 0, 4, 12, 20, 40, and 60 minutes after H2O2 stress.  This 
allowed them to track nucleosome dynamics over time and to compare it to 
the dynamics of Msn2 binding, as well as to gene expression.  Interestingly, 
most nucleosomes were lost subsequently to Msn2 binding, suggesting that 
Msn2 may be a prerequisite for nucleosome loss, and not the other way 
around. This was confirmed in an msn2Δmsn4Δ strain, where nucleosome 
depletion over STRE regions was attenuated compared to the wild-type 
strain (Huebert et al., 2012). 
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Consistently with such conclusions, (Tolkunov et al., 2011) reported that 
mutant strains lacking an active Swi/Snf remodeling complex or the Asf1 
H3/H4 chaperone acquire excess nucleosomes in 20-25% of promoters in 
steady-state growth. This resulted in occlusion of many transcription binding 
sites and reduced gene expression from those promoters.  Nevertheless, 
upon a glucose media upshift or downshift, these mutants were still able to 
perform essentially normal transcriptional reprogramming, while chromatin 
remodeling was decreased or slowed.  This was true despite a delay in 
exposing many transcription factor sites, including STRE sites. These 
findings suggest that Swi/Snf and Asf1 are necessary for remodeling 
chromatin in response to changes in transcriptional activity. 

On the other hand, the case of heat shock may be different, since 
Shivaswamy and Iyer, 2008 reported that mutants of the Swi/Snf 
remodeling complex not only have trouble properly remodeling chromatin, 
but also have attenuated induction and repression of genes, in particular 
ribosomal protein genes and Hsf1-regulated genes (Shivaswamy and Iyer, 
2008).  

 

Figure 3. Schematic of a TATA-box containing promoter showing the 
typical location of the transcriptional machinery and chromatin regulators. -
300, -100 and 100 indicate positions in bp along the DNA relative the the 
TSS (arrow). Positions of the +1 and -1 nucleosomes are indicated along the 
DNA. Pol II associated with Mediator (Med) as well as the TFIIA (A), TFIIB 
(B), TFIID (D), TFIIE (E), TFIIF (F), TFIIH (H), TBP (T) are located in the 
promoter. Various chromatin remodelers are shown as pink and teal ovals. 
Various transcription factors are in red and green. Adopted from Venters 
and Pugh, (2009a). 
 

In summary, it seems like nucleosomes are not general regulators of 
transcription but that their effect is specific to certain genes at different 
conditions. In some cases, their presence can block access by activators, for 
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example blocking the access of Pho4 to PHO5 in rich media.  In other cases, 
activators can gain access to the promoter despite nucleosomes being 
present, for example Msn2 binding to its targets upon H2O2 stress. It 
remains true that in steady-state conditions, promoter nucleosome 
occupancy correlates with transcription rates, but once an environmental 
change occurs, this generality is less obvious.  Perhaps nucleosome 
occupancy is the “cruise control” of the cell, where transcription factors and 
chromatin remodelers set the speed of transcription, to be maintained with 
the aid of nucleosomes until a sudden obstacle appears.  

 

Signaling Pathways 

Signaling pathways allow cells to sense external and internal conditions 
and to appropriately maintain or alter their behaviour in order to survive 
and grow. Signaling pathways often culminate at transcription factors, which 
serve as the link between sensory mechanisms and the transcriptional 
machinery (Zaman et al., 2009; Zaman et al., 2008). For example, plants 
have the capacity to withstand seasonal variations in climate, to turn 
vegetative growth on and off, and to time floral transitions thanks to 
dedicated signaling pathways that sense cues such as day length, light 
quality, temperature, drought, and salinity.  The signals from these pathways 
converge onto transcription factors, such as the zinc finger homeodomain 1 
(ZFHD1), which is involved in salt tolerance and drought resistance, and the 
drought response element binding protein 2A (DREB2A), which is part of 
salt-sensing, drought-sensing, and flowering-time pathways (Elfving et al., 
2011; Sakuma et al., 2006a; Sakuma et al., 2006b; Tran et al., 2007).  This 
thesis will further demonstrate that the plant Mediator subunit Med25 
interacts with these transcription factors and is an essential cofactor in 
integrating environmental cues and transmitting them to the transcriptional 
machinery. 

In budding yeast, nutrient limitation or re-addition is one of the signals 
that most dramatically impinge on signaling pathways and their associated 
transcriptional circuits.  This thesis further looks at how glucose limitation, 
which is well-studied regarding how signaling pathways affect expression of 
specific genes, is discussed in more detail below. The thesis also describes 
how glucose limitation affects the genome-wide distribution of three 
components of transcription: Pol II, Mediator, and a representative 
transcription factor, Msn2, which is part of the yeast general stress response 
pathway. 
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Med25: a hub in plant signaling pathways 

Development in plants is regulated by environmental stimuli, including 
the amount and quality of light, temperature, salinity, and water levels.  
These cues impinge on transcription factors controlling the expression of 
genes that are involved in the stress response, as well as those responsible 
for developmental processes, such as vegetative growth or the timing of floral 
transition (Elfving et al., 2011).  Like Msn2 in yeast (described below), 
Med25 in A. thaliana integrates signals from several different stress and also 
developmental pathways, including light quality pathways, drought stress, 
salt stress, organ size, and the jasmonite-dependent defence pathway 
(Elfving et al., 2011; Kidd et al., 2009; Xu and Li, 2011). Med25 was 
originally identified as PFT1, a nuclear protein involved in the timing of 
flowering (Cerdan and Chory, 2003).  As this thesis describes, the isolation 
of the Mediator complex in A. thaliana revealed that PFT1 is actually a 
Mediator component, homologous to the metazoan Med25 (Backstrom et 
al., 2007). This finding suggested a possible mechanism where Med25, as 
part of Mediator, may transmit light quality signal to the transcriptional 
machineries to regulate pathways essential for plant survival and 
development.  The interlocking roles of Med25 in the light- and drought-
sensing pathways are delineated below.  

One of the external cues which A. thaliana is able to perceive is the 
presence of other nearby growing plants, which represent a competition for 
light (Wollenberg et al., 2008). Because red wavelengths of light, which have 
a λmax ~660 nm, are absorbed by chlorophyll, but far-red wavelengths, which 
have a λmax ~ 730 nm, are reflected or transmitted, the ratio of red light to 
far-red light can be used to gage the proximity of other plants (Wollenberg et 
al., 2008). A. thaliana is shade-intolerant, and it responds to closeness of 
other plants by morphological changes known as the shade-avoidance 
syndrome (Cerdan and Chory, 2003; Wollenberg et al., 2008). These 
include increased elongation at the expense of branching and leaf growth, as 
well as rapid flowering (Wollenberg et al., 2008).  As a result, the elongated 
A. thaliana plant can better compete for light, while flowering may allow it to 
seed and propagate (Wollenberg et al., 2008). 

Red and far-red light are sensed by the PHYTOCHROME (PHY) 
photoreceptors, encoded by five related genes, PHYA, PHYB, PHYC, PHYD, 
and PHYE (Clack et al., 1994; Sharrock and Quail, 1989). These complexes 
are able to photoconvert between the red-absorbing (active) form called Pr, 
and the far-red-absorbing (inactive) form called Pfr (Wollenberg et al., 
2008). The Pfr forms of PHYB, PHYC, PHYD, and PHYE inhibit flowering by 
inhibiting CONSTANS (CO) at the transcriptional and post-transcriptional 
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levels (Inigo et al., 2012).  Far-red light causes a reduction in the Pfr levels of 
PHYB, PHYC, PHYD, and PHYE, and thereby allow CO to induce flowering-
promoting genes, such as FLOWERING LOCUS T (FT) (Inigo et al., 2012; 
Wollenberg et al., 2008). 

Among the phytochromes, PHYB has the most significant role in 
inhibiting flowering. Med25/PFT1 was identified by Cerdan and Chory, 
2003 as a nuclear protein acting downstream of PHYB to regulate flowering 
in response to the light conditions.  These authors also reported that up-
regulation of FT takes place during suboptimal light conditions.  However, 
the direct links between PHYB, PFT1, and FT were unknown.  When 
Backstrom et al, 2007, isolated the A. thaliana Mediator complex, it became 
clear that PFT1 is a subunit of Mediator and that PHYB acted directly or 
indirectly on Mediator, which was likely involved in the regulation of FT as a 
co-factor for transcription.  However, Wollenberg et al, 2008 presented 
evidence that Med25/PFT1 negatively regulates the PHYB pathway, rather 
than being an integral component of the pathway.  Recently, Inigo et al, 
2012, showed that Med25/PFT1 counteracts the PHYB, PHYD, and PHYE 
pathways by activating CO transcription, as well as FT transcription in a CO-
independent manner. 

To coordinate flowering time with daylength, and thereby coordinate 
flowering with the seasons, a separate but interlocking light sensing pathway 
exists in A. thaliana (Inigo et al., 2012).  Its circadian clock restricts the 
expression of the CO gene to late in the day (Suarez-Lopez et al., 2001), 
while the expression of GIGANTEA (GI), which is required for CO 
expression, is timed by the circadian clock to peak several hours before that 
of CO (Wollenberg et al., 2008). When CO expression coincides with the 
presence of light – that is, during long days – the CO protein is stabilized and 
is able to induce flowering promoting genes, including FT and TWIN SISTER 
OF FT (TSF) (Valverde et al., 2004; Wollenberg et al., 2008) 

In addition, many natural accessions of Arabidopsis (in contrast to 
laboratory accessions) still have a late flowering phenotype even during long 
days, unless they are vernalized (exposed to a long period of cold 
temperature) (Wollenberg et al., 2008). Vernalization leads to permanent 
repression of the FLOWERING LOCUS C (FLC) gene, which functions as a 
floral repressor by inhibiting the activation of a set of genes required for 
transition from vegetative to reproductive stage (Bastow et al., 2004).  Thus, 
in natural accessions, flowering time is the result of the balance between the 
opposing activities of FLC and CO. Upon inactivation of FLC by prolonged 
cold, it can no longer counteract the induction of FT and TSF by CO in long 
day conditions (Wollenberg et al., 2008).  Because Med25/PFT1 has been 
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shown to induce CO, as described above, this Mediator subunit may be 
involved in perception of daylength as well as light quality (Inigo et al., 
2012).  

After Backstrom et al, 2007 isolated A. thaliana Mediator and 
established PFT1 as the Mediator subunit Med25, the same group went on to 
search for Med25-interacting proteins (Elfving et al., 2011).  Consistently 
with Mediator’s role as a linker between Pol II and transcription factors, 
yeast-2-hybrids with Med25 as bait revealed several transcription factors as 
its binding partners.  Among them was the drought response element, 
DREB2A.  Unexpectedly, in this study Bjorklund and colleagues also found 
DREB2A to be involved in the timing of flowering, as dreb2a mutants had an 
early flowering phenotype, similar to but weaker than that of phyb mutants.  

 DREB2A belongs to a family of proteins binding the dehydration-
responsive element (DRE) – a conserved motif essential for the regulation 
stress response genes upon dehydration, high salinity, and cold (Sakuma et 
al., 2006a). These factors also bind to a similar C-repeat (CRT) and low-
temperature-responsive elements, both containing the A/GCCGAC sequence, 
that regulate cold-inducible genes (Sakuma et al., 2006a) Expression of the 
DREB1/CBF genes in this family is induced by cold stress but not by drought 
nor high salinity, while expression of DREB2A is induced by both drought 
and high salinity stresses (Liu et al., 1998). Moreover, whereas both 
DREB1/CBF and DREB2A bind to the DRE and CRT motifs, the DREB1/CBF 
proteins are thought to function in the cold response, while DREB2A 
functions in response to drought stress and high salinity (Sakuma et al., 
2006a).  

 There are eight homologous DREB2-type proteins, but among them, only 
DREB2A and DREB2B are induced by the aforementioned stresses (Sakuma 
et al., 2006a).  Thus, among the DREB2 family, DREB2A and DREB2B are 
the major transcription factors functioning in response to drought and high 
salinity (Sakuma et al., 2006a). Transgenic overexpressing of DREB2A did 
not, however, lead to improved stress tolerance nor growth inhibition (Liu et 
al., 1998; Sakuma et al., 2006a).  A clue as to how DREB2A activation might 
proceed was obtained by Sakuma et al, 2006a, who found that this protein 
contains a C-terminal transcription activation domain, as well as a negative 
regulatory domain in the middle region.  A constitutively active form of the 
protein produced by deleting this inhibitory domain led to induction of the 
drought responsive genes and improved drought tolerance in transgenic 
plants (Sakuma et al., 2006a; Sakuma et al., 2006b). More recently, Elfving 
et al, 2011 located the Med25 interaction domain on DREB2A, which is 
located between the transactivation and the inhibitory domains.  Like 
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dreb2a mutants, med25 mutants showed heightened sensitivity to salt stress 
(Elfving et al., 2011). However, med25 mutants were unexpectedly drought 
resistant and showed increased expression of drought-induced genes 
(Elfving et al., 2011).  Curiously, these researchers also found that dreb2a 
mutant (T-DNA insertion) showed an early flowering time phenotype, 
similar to that of phyb mutants, while the med25 mutant show a delayed 
flowering time. This discovery revealed a novel function for DREB2A in the 
light-sensing pathways.  The model that Björklund and colleagues proposed 
was that the Mediator subunit MED25 mainly acts through the repressive 
domain of DREB2A, causesing it to act as a transcriptional repressor.  When 
association between DREB2A and Med25 is absent, however, DREB2A 
functions as an activator (Elfving et al., 2011).  

Glucose response in budding  yeast 

Saccharomyces cerevisiae prefers glucose and fructose to other mono- 
di- and trisaccharides, such as sucrose raffinose and trehalose, as well as to 
non-fermentable carbon sources (Zaman et al., 2008). Removing glucose 
from logarithmically growing cultures and substituting it with glycerol media 
results in a two-fold or greater change in mRNA abundance of more than 
40% of the yeast genome, within minutes after the switch (DeRisi et al., 
1997; Wang et al., 2004; Zaman et al., 2008). This includes decreased 
expression of ribosomal protein genes and genes involved in ribosome 
biogenesis, as well as the induction of genes involved in gluconeogenesis, the 
stress response, metabolism of storage carbohydrates, oxidative 
phosphorylation, and other mitochondrial functions (Zaman et al., 2008). 
The Ras/Protein Kinase A (PKA) signaling network is responsible for the 
majority of these transcriptional changes (Zaman et al., 2008). For example, 
induction of an activated allele of RAS2 (RAS2G19V) in glycerol-grown 
cultures leads to identical qualitative and quantitative changes in the 
expression of 90% of the genes whose expression is altered by glucose 
addition to glycerol-grown cultures (Zaman et al., 2009). Moreover, PKA is 
necessary for all these Ras-induced changes (Zaman et al., 2009).  Although 
it is known that Ras/PKA is activated by glucose, the upstream glucose 
sensors have not been identified despite many years’ search (Zaman et al., 
2008).   

The Ras/PKA pathway achieves this regulation by modulating the activity 
of transcription factors such as Msn2, Sfp1, Adr1, and Rim15, in particular by 
altering their localization in or out of the nucleus and thus by affecting their 
ability to access DNA (Zaman et al., 2008). For example, there are five 
known PKA sites on the stress response factor Msn2, and their 
phosphorylation is sufficient to keep Msn2 in the cytoplasm, while 
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inactivation of PKA by glucose removal or mutation leads to nuclear 
localization of Msn2 (Gorner et al., 1998; Gorner et al., 2002).  

The Snf1 protein kinase is another major component of the glucose 
response circuit in yeast. Snf1 is homologous to the AMP-activated protein 
kinase (AMPK) in mammals (Zaman et al., 2008). It is activated when 
glucose is absent, and it phosphorylates and inhibits the activity of the Mig1 
repressor (Nehlin and Ronne, 1990; Zaman et al., 2008). In glucose-rich 
media, the dephosphorylated Mig1 localizes to the nucleus and represses 
target genes, such as SUC2 and other genes required for metabolism of 
alternative carbon sources (Schuller, 2003). Another one of its major targets 
is the Adr1 transcription factor.  It is negatively regulated by PKA when 
glucose is present, but when glucose is absent, Snf1 stimulates its binding to 
promoters and triggers the upregulation of genes involved in ethanol 
metabolism, such as ADH2, and genes encoding enzymes for  beta-oxidation 
of fatty acids (Schuller, 2003; Zaman et al., 2008).   

In summary, addition or removal of glucose from yeast cultures 
substantially reprograms their gene expression profiles, in particular via the 
accessability of transcription factors to DNA. Efforts to understand how 
chromatin may be remodeled in these conditions are ongoing and are part of 
this study. 

General stress response in budding  yeast 

Cells must sense and respond to their environment. S. cerevisiae have 
several pathways that perceive a particular environmental condition, such as 
the heat shock response pathway or the high osmolarity response pathway 
(Toone and Jones, 1998; Zaman et al., 2009). Additionally, there is a 
general stress response pathway that can be activated by different stresses, 
including heat, oxidative stress, changes in osmolarity, and nutrient 
limitation (Gasch et al., 2000; Zaman et al., 2008). Such signals converge 
on the functionally redundant transcription factors Msn2 and Msn4 (Gasch 
et al., 2000; Zaman et al., 2008). In favorable growth conditions they 
remain in the cytoplasm, but upon a stress, they translocate to the nucleus, 
where they bind to so-called STRE elements (sequence AGGGG) in the 
promoters of about 150 genes, and activate the environmental stress 
response (Gasch et al., 2000; Gorner et al., 1998; Gorner et al., 2002). This 
response includes heat shock factors, genes involved in protein turnover, 
sugar metabolism, and protection from reactive oxygen species, among 
others (Gasch et al., 2000) Deletion studies have identified Msn2 to be more 
important for the cell than Msn4, and it has received more attention in the 
literature.   
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The most studied interaction of Msn2 is the one with Protein Kinase A 
(PKA), which, as discussed above, is the major glucose responder in the cell 
(Zaman et al., 2009). PKA phosphorylates Msn2 in the sequences that 
include nuclear import and export signals, and this is sufficient to keep Msn2 
in the cytoplasm. Conversely, glucose removal, which inactivates PKA, 
causes Msn2 to enter the nucleus (Gorner et al., 1998; Gorner et al., 2002).  
The Snf1 kinase and Protein Phosphatase I are other known direct regulators 
of Msn2, and they inhibit and activate Msn2, respectively (De Wever et al., 
2005). 

Msn2 is subject to proteolysis in the nucleus; however a noticeable effect 
is detected only after several hours of continuously presence in the nucleus 
(Durchschlag et al., 2004). The expression of Msn2 is constitutive and 
nuclear localization is so far the primary known mechanism for Msn2 
regulation.  However, it is likely that it is also regulated at the level of DNA 
binding or transactivation, since constitutive nuclear localization of Msn2 
does not lead to the same scale of gene induction as stress does (Boy-
Marcotte et al., 2006). Msn2-activated transcription may, at least for some 
stresses, depend on Mediator, since deletion of GAL11, which encodes the 
Med15 Mediator subunit, reduced expression of Msn2 target genes upon 
heat shock and ethanol stress (Lallet et al., 2006) Another known link with 
Mediator is the Srb10/Cdk8 component of the kinase domain inhibiting 
Msn2 upon stress (Chi et al., 2001).  

In a genome-wide study looking at changes in Msn2 occupancy and 
nucleosome positioning after H2O2 stress, Huebert et al, 2012 found that 
nucleosome loss occurred mostly from upstream regions of induced genes, 
while nucleosome gain was found  in upstream regions of repressed genes, as 
expected.  In addition, the set of genes that lost nucleosomes was enriched in 
Msn2-regulated genes and in STRE sites.  However, there was no correlation 
between nucleosome dynamics and the dynamics of Msn2 binding, or to the 
kinetics of gene induction. In fact, most nucleosomes were depleted much 
later than the time when Msn2 bound to the promoters, suggesting that 
Msn2 binding may be a prerequisite for nucleosome loss, and not the other 
way around.  This was confirmed in an msn2Δmsn4Δ strain, where 
nucleosome depletion over STRE regions was attenuated compared to the 
wild-type strain. 

Huebert and colleagues additionally found that Msn2 bound not only 
upstream of genes but also inside genes. However, a caveat to their study is 
that they scored over 1200 Msn2 binding sites.  Meanwhile, there are only an 
estimated 125 copies of Msn2 in the cell (Ghaemmaghami et al., 2003). It 
may be that all those sites are indeed occupied after H2O2 stress, if Msn2 



 

23 

binds stochastically to different regions in different cells.  Alternatively, the 
validation criteria in the Huebert et al, 2012 study may not have been 
stringent enough.  
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Aims of the thesis 

     The regulation of eukaryotic transcription is a complex process, and many 
of its players and their functions remain poorly understood.  The Mediator 
complex has been identified as an adaptor between transcription factors and 
the general Pol II-dependent transcription machinery.  This complex and its 
functions are conserved from yeast, to plants, to mammals, indicating that 
its role is ancient and important.  Nevertheless, how many and which genes 
are subject to its activity, and in what circumstances, remains unclear.  
Likewise, while both activating and repressing functions of Mediator have 
been recognized, it is still unknown what proportion of its activity is devoted 
to each of these functions.  Finally, even the subunit composition of Mediator 
bound to DNA has not been directly explored, and there are indications that 
the functional, DNA-bound Mediator complex may not always contain all of 
its subunits. 

     Similarly the role of chromatin in transcription regulation remains 
mysterious.  Eukaryotic DNA is packaged around nucleosomes, and it is 
established that the presence of nucleosomes at promoters can have a 
repressive capacity on transcription.  However, it has become clear that 
remodeling nucleosomes at promoters to induce or repress transcription is 
an exception, rather than the rule.  The interaction of nucleosomes with the 
general transcriptional machinery, with transcription factors, and with 
transcription co-factors such as Mediator remains an open question. 

 

     The aims of this thesis are as follows: 

1. To describe the first successful isolation of the Mediator complex in 
plants. 

2. To describe the role of plant Mediator in several recognized plant 
signaling pathways, as well as how its discovery synergizes with 
earlier genetic studies.  

3. To map binding profiles of Mediator subunits across the budding 
yeast genome before and after a transcriptional switch and 
determine the extent of their co-localization.  

4. To determine which genes Mediator binds before and after the 
transcriptional switch and how this may correlate with gene 
expression.  
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5. To map nucleosome profiles before and after the transcriptional 
switch and to reveal how these profiles may correlate with gene 
expression.  

6. To examine interactions between nucleosome positioning and the 
DNA binding of Mediator and a representative transcription factor, 
namely the stress response element binding factor Msn2. 
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Results 

Summary of papers 

Paper I: Purification of a plant mediator from Arabidopsis thaliana 
identifies PFT1 as the Med25 subunit. 

 
Although Mediator had been identified as a large protein complex in 

eukaryotes ranging from yeast to man, no representative  had been reported 
from the plant kingdom until we identified and purified the complex in 
Arabidopsis thaliana in this paper. Because of the generally poor amino acid 
sequence conservation between the Mediator subunits of plants and 
previously identified subunits from other species, we could identify only six 
candidate A. thaliana Mediator subunits by sequence analysis. These six 
subunits showed between 21 and 33% identity to Mediator subunits in other 
species. To identify other possibly existing subunits, we used a biochemical 
approach and raised antibodies specific for the recombinantly expressed  A. 
thaliana Med6 and Med7 head subunit proteins. .  

Whole cell protein extracts from A. thaliana cell suspension cultures were 
applied to essensially the same purification scheme that was previously used 
for purification of Mediator from budding yeast (Li et al., 1995). Using the 
A.thaliana Med6 and Med7 antibodies, we could conclude that Med6 and 
Med7 co-purified over the first column (BioRex-70), indicating that 
Mediator may also exist as a complex in A. thaliana. However, the complex 
eluted at a much higher potassium acetate concentration (1200 mM) 
compared to the yeast mediator complex (600 mM) (Kim et al., 1994). This 
indicated a difference between the yeast and A. thaliana Mediators and also 
resulted in a higher purification rate of the latter complex. The A. thaliana 
Med6 (AtMed6) and AtMed7 proteins also coeluted from the following 
DEAE-Sephacel column, but again the A. thaliana Mediator homologs eluted 
differently compared to the yeast Mediator complex. Because the elution 
profiles of the A. thaliana Mediator homologs resulted in a higher 
purification rate than the corresponding purification of Mediator from yeast, 
we decided to affinity purify the anti-AtMed6 antibodies to use them for 
immunoprecipitation of a possible A. thaliana Mediator complex directly 
from the 200 mM potassium acetate eluate of the second (DEAE-Sephacel) 
column. Western blot analysis showed that AtMed7 partially 
coimmunoprecipitated with AtMed6. However, we noticed that a fraction of 
AtMed7 did not seem to interact with AtMed6.  
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To identify the proteins that co-immunoprecipitated with AtMed6, the 
proteins were resolved both by one-dimensional (1D) and two-dimensional 
(2D) gel electrophoresis for subsequent mass spectrometry analysis. We thus 
identified peptides mapping to proteins with homology to nineteen different 
Mediator subunits in other species. Furthermore, we found RNA polymerase 
and thirteen additional plant-specific proteins that could not be identified as 
homologs to any yeast or metazoan Mediator subunits.  

To address whether these non-Mediator homologs actually were part of 
the purified complex, we raised antibodies to one of them, At1g11760. 
Western blotting concluded that the At1g11760 protein co-eluted with 
AtMed6 and AtMed7. Next, the anti-At1g11760 antibodies were used for 
immunoprecipitation of the DEAE-Sephacel eluate in the same fashion as 
was previously done with the anti-Med6 antibody. Bound proteins were 
resolved by 1D SDS PAGE and analyzed by mass spectrometry. The 
identified proteins in the anti-At1g11760 immunoprecipitation largely 
overlapped with those purified using anti-AtMed6. This indicated that 
At1g11760 is indeed part of the Mediator complex, and thus a plant-specific 
Mediator subunit. We were also able to confirm six of the thirteen other 
plant-specific proteins identified in the anti-Med6 immunoprecipitation as 
plant Mediator subunits.  Finally, in this set of anti-At1g11760 
immunoprecipitations, we identified two new proteins showing homology to 
Mediator in other species, bringing the total sum of A.thaliana subunits with 
homology to Mediator subunits in other species to 21. 

It is known that evolution of A. thaliana included a recent whole genome 
duplication, with a subsequent loss of genes (Sankoff, 2001). Consequently, 
we found duplicated genes encoding for paralogs to six of the A. thaliana 
subunits. In our mass spectrometry analysis of the purified A. thaliana 
Mediator complex, we found peptides mapping to both paralogs in four 
cases, showing that they are both expressed and built into the A.thaliana 
Mediator complex even though they differ in up to 46 out of 189 positions in 
the amino acid sequence. 

Some of the identified Mediator complex subunits have previously been 
found to be involved in regulation of specific plant development pathways. 
Most interestingly, we revealed that the previously identified protein PFT1 
(Cerdan and Chory, 2003) is homologous to the metazoan-specific Med25 
subunit. In metazoans, Med25 has been described as the Mediator subunit 
that functions as a target for the well-studied herpes simplex virus VP16 
transcriptional activation domain (Mittler et al., 2003; Yang et al., 2004). 
The N-terminal part of the metazoan Med25 interacts with other Mediator 
subunits (amino acids 1–226) and, consistently, we found that the N-
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terminal part of PFT1 is the most conserved region of the protein. The C-
terminal part of human Med25 (amino acids 402–543), which was shown to 
interact with the VP16 activation domain, is also conserved between 
metazoans and A. thaliana, but not as highly conserved as the N-terminal 
part. However, a comparison of Med25 between different plants reveals a 
highly conserved C terminal domain, suggesting that it might interact with 
plant-specific transcriptional regulator proteins. 

Plants have evolved sophisticated systems to sense changes in light 
quality through the combined action of a suite of photoreceptors. Among 
these, the red/far-redabsorbing phytochromes (phyA–phyE) are the best 
characterized (Aukerman et al., 1997; Devlin et al., 1998). In A. thaliana, 
PFT1 is involved in a phyB-dependent pathway responsible for the regulation 
of flowering time in response to changes in light quality. This pathway 
appears to be completely different from the well-characterized CO-
dependent regulation of flowering time that specifically responds to changes 
in day length, although both pathways lead to the induction of the flowering 
activator FT gene in leaves. 

PFT1 was originally suggested to function as a transcriptional coactivator 
based on the presence of a glutamine rich region in its amino acid sequence, 
its nuclear localization, and its ability to activate transcription in yeast when 
fused to the LexA DNA-binding domain (Cerdan and Chory, 2003). 
However, it was unclear how PhyB, PFT1, and FT are linked. Our purification 
of Mediator from A. thaliana and our identification of PFT1 as AtMed25 thus 
provided an essential link in the series of events leading from a cytoplasmic 
photoreceptor to the induction of genes that promote flowering. Therefore, 
we suggest that PFT1, as part of the Mediator complex, is the target for a CO 
independent activation pathway of FT transcription. This pathway could 
involve either direct signaling from phyB to PFT1, or via transcriptional 
regulators bound to the FT promoter.  
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Paper II: The Arabidopsis thaliana Med25 Mediator subunit integrates 
environmental cues to control plant development 
 

In order to build further on the model proposed in the previous paper of 
how PFT1 affect FT transcription via its function as a Mediator subunit, we 
searched for interaction partners to PFT1/Med25. We used the structurally 
conserved domain corresponding to the ACtivator Interaction Domain 
(ACID) in metazoan Med25 as bait in a Yeast Two Hybrid (Y2H) screen of an 
Arabidopsis cDNA library made from inflorescence meristem, floral 
meristem, and floral buds. We found that this linear 130-amino acid long 
domain of the A. thaliana Med25 is a common target for the drought 
response element binding protein 2A (DREB2A), zinc finger homeodomain 1 
(ZFHD1), and MYB-like (At5g29000) transcription factors which are all 
involved in different stress response pathways. We used the Y2H system to 
map the interactions further, giving us more precise measurements as to 
where on these factors the interaction occurs. For the MYB-like factor 
encoded by At5g29000, we localized the interaction domain to between 
amino acids 109-309. No transcriptional activation domain (TAD) had 
previously been reported for this protein; however, the DNA-binding domain 
(DBD) overlaps with a homeodomain-like region located between amino 
acids 184 and 248. In our experiments, this homedomain needed to be intact 
to allow interaction with Med25. For the ZFHD1 protein, a TAD was 
previously identified to lie within the 102 most N-terminal amino acids 
(Tran et al., 2007), and this was consistent with our mapping of the Med25-
interacting part to be at amino acids 1-132. In the case of DREB2A, we 
localized the Med25 interaction domain to amino acids 169–254. This 
finding was not consistent with the previously identified TAD at amino acids 
254-335, nor with the Repressive domain (RD) located between amino acids 
136 and 165  (Sakuma et al., 2006b). Instead, we found that the interaction 
domain is located between these two previously identified domains. 
Interestingly, the RD of DREB2A possesses several putative phosphorylation 
sites and it is thus intruiging to speculate that DREB2A may interact with 
other Mediator subunits and that these interactions are regulated through 
phosphorylation of the RD.  

Next, we analyzed plant lines with DNA (T-DNA) insertions in the genes 
that encode DREB2A, ZFHD1, and MYB-like, as well as MED25/PFT1, 
focusing on the salt and drought tolerance of these mutants.  We found that 
all mutants displayed increased sensitivity to salt stress compared to the wild 
type. Consistent with theregulatory interactions between the transcription 
factors and Med25, the med25 mutants likewise showed an increased 
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sensitivity to salt stress that was at least as pronounced as for each of the 
transcription factor mutants. Such increased sensitivity to salt stress is a 
previously unidentified phenotype of med25 mutants and strongly indicates 
that Med25 functions downstream of DREB2A, ZFHD1, and MYB-like. We 
further noticed that zfhd1, myb-like, and med25 all show higher sensitivity to 
NaCl than dreb2a. At 175 mM NaCl, dreb2a is 5- to 24-fold less sensitive 
than the other mutants.  

To address whether the function of Med25 in salt stress resistance is 
conserved among land plants, we next constructed Med25 deletion lines of 
the moss Physcomitrella patens. Indeed, we found that disruption of Med25 
in P. patens also causes increased sensitivity to salt. We conclude that the 
role of Med25 in salt stress resistance is an ancient function that was present 
already in an early embryophyte.  

As overexpression of both ZFHD1 and a constitutively active form of 
DREB2A has been reported to lead to drought resistance, we examined 
whether med25 is drought sensitive. Surprisingly, we found that med25 is 
drought resistant compared to wild-type plants. Thus, it seems that Med25 
has an opposite function to ZFHD1 and DREB2A in response to drought. To 
investigate if the observed drought phenotypes are caused by changes in 
expression of stress-induced genes, we used quantitative RT-PCR to study 
the levels of the drought-induced rd29a and rd29b mRNAs in wild-type cells, 
med25 and dreb2A (Sakuma et al., 2006a). In line with the phenotypes, we 
found that both rd29a and rd29b mRNAs are strongly up-regulated as a 
response to drought in cells lacking Med25 (150- to 3,200-fold) and severely 
down-regulated in response to drought in dreb2A. We also found that the 
Dreb2A mRNA is strongly up-regulated in med25 during drought. 

As AtMed25 was originally identified as PFT1, a downstream effector in 
the PhyB pathway, it was unclear if PhyB acted directly or indirectly on PFT1 
(Cerdan and Chory, 2003). Our identification of PFT1 as the Med25 subunit 
of Mediator suggested that the effect is transmitted indirectly through DNA-
bound transcription regulatory factors, a notion which was supported by our 
identification of DREB2A, ZFHD1, and MYB-like as Med25 interactors. 
Because they had previously been implicated only in the responses to 
different types of stress, we wanted to see if the mutants would also display a 
light quality-controlled flowering time phenotype, similar to med25. We 
therefore measured hypocotyl-length responses and counted leaf numbers 
for each mutant. We found that myb-like and zfhd1 behaved identically to 
the wild type, whereas dreb2a showed phenotypes opposite to med25 in both 
experiments. Thus, dreb2a has an early flowering phenotype, which is 
comparable to that of phyB, indicating that it could function in the PhyB 
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pathway. This early flowering phenotype indicate a previously unidentified 
and unexpected function for DREB2A. 

In conclusion, our results indicate that Med25 functions as a hub that 
integrates signals from different environmental cues to control development. 
We suggest that ZFHD1 and MYB-like function as transcriptional activators 
by interacting with Med25 to induce target genes that encode proteins 
required to respond to salt stress.  However, our results also represent a 
conundrum, because we found opposite effects of dreb2a and med25 on 
drought sensitivity and flowering time.  We suggest that DREB2A functions 
both as an activator and a repressor, depending on the circumstances, and 
that Med25 mediates the repressive effect of DREB2A to down-regulate the 
PhyB light signaling pathway. 



 

32 

Paper III: Mediator exists in multiple forms and is predominantly 
associated to promoters with low nuclesome density  

 

     There have been several reports that raised the possibility that Mediator 
may exist in several configurations, not only as a complex of all of it 
subunits.  Of particular interest is the composition of DNA-bound Mediator, 
which would be the functional complex in the regulation of transcription. 

     In order to study if Mediator is present on chromatin and if so, to reveal 
its composition, we adapted a protocol for purification of proteins from yeast 
chromatin using high-salt extraction (Svejstrup et al., 2003). We found that 
Mediator isolated from the chromatin-bound extract behaved differently 
from Mediator isolated from the soluble whole-cell extract. For example, 
Med2, which represents Tail, was present in the flow-through while Med1 
and Med18 representing Middle and Head, respectively, eluted in the 
chromatin fraction.  Similarly, in the soluble fraction, Med1, Med7, Med17 
and Med22 co-migrated in one complex, but in the chromatin-bound 
fraction, there was an additional smaller complex that contained the head 
subunits Med17 and Med22 but lacked the Med1 and Med7 middle domain 
subunits. 

     Using microarray analyses, we found that different Mediator subunit 
transcripts are present in non-stoichiometric amounts in wild type cells. For 
example, the Med3 transcript was present at about 23-fold higher levels 
compared to Med21. Moreover, the relative proportions of different 
Mediator subunit mRNAs changed after a glucose-to-glycerol media switch. 

     Thus, several pieces of evidence led us to speculate that DNA-bound 
Mediator exists in one or more subunit configurations. We decided to study 
the occupancy of different Mediator subunits across the yeast genome by 
using ChIP-sequencing technology.  In order to reveal possible functions for 
different forms of Mediator in transcription regulation, we chose to compare 
subunit distribution before and after a glucose-to-glycerol media switch, 
because the transcriptional reprogramming that follows such a switch is both 
well-characterized (Zaman et al, 2008, Zaman et al, 2009, Gasch et al, 
2000) and encompasses as much as 40-50% of the yeast transcriptome, 
thereby providing an opportunity to reveal changes in Mediator subunit 
occupancy at a large set of regulated genes.  Concomitantly, we also analyzed 
the occupancy of the Msn2 transcription factor, which is part of the yeast 
general stress response pathway, and is known to be activated upon glucose 
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limitation by binding to STRE elements (AGGGG) in promoters of about 150 
target genes (Gasch et al, 2000). 

     We tagged two representative subunits from each of the head (Med17, 
Med19), middle (Med7, Med14) and tail (Med3, Med15) domains, one 
subunit from the kinase domain (CycC) and Msn2 with 13xMyc tags in 
separate yeast strains from their endogenous loci and under the control of 
their native promoters.  Western blotting using anti-myc antibodies showed 
that the protein levels of the subunits vary, thus reinforcing the notion that 
Mediator subunits are present at non-stoichiometric levels also in these cells.  
We did not detect any growth defects in the tagged strains, nor global 
expression defects compared to the wild-type strain before and after a 
glucose to glycerol media switch, as assayed by microarray analysis.  Finally, 
we verified that we could immunoprecipitate the myc-tagged versions of the 
Mediator subunits with the rest of the complex and that the myc-tag didn’t 
impede incorporation of any of the subunits into Mediator. 

     To perform the glucose-to-glycerol switch, we grew cultures in SC media 
containing 2% glucose at 30º until mid-log phase (OD600 between 0.3 and 
0.4) and then transferred them to SC media containing 3% glycerol and no 
glucose. Samples for the “0 minute” time point were collected immediately 
prior to the transfer to glycerol media, and those designated as “20 minutes” 
were collected 20 minutes after the media switch.  We first mapped 
nucleosome profiles prior to and after the switch.  To this end, samples were 
formaldehyde cross-linked, and after spheroplast formation, the chromatin 
was digested with micrococcal nuclease (MNase) to obtain 
mononucleosome-protected DNA.  After the cross-links were thermally 
reversed, DNA was purified and sequenced using an Illumina paired-end 
protocol. 

    Analysis of the sequenced data revealed no global changes in nucleosome 
positioning, but a greater average occupancy of nucleosomes proximal to the 
NDR after the glucose-to-glycerol switch, suggesting that, on average, more 
genes acquire a repressive nucleosome arrangement in glycerol compared to 
glucose media.  Interestingly, we observed that nucleosome arrays around 
promoters could be clustered into ten distinct classes using k-means 
clustering.  In particular, genes in clusters 9 and 10 had very long NDRs, 
spanning as much as -600 to -800 base-pairs from the TSS across the 
promoter region.  Clusters 9 and 10 were highly enriched for genes regulated 
by the Msn2 stress-response transcription factor, and the regulation of the 
genes in these clusters was more dynamic than in any other cluster.  In 
addition, promoters in these clusters were twice as likely to contain TATA-
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boxes compared to promoters in the clusters with more regular nucleosome 
arrays. 

     We next performed chromatin immunoprecipitation (ChIP) for each of 
the Mediator subunit- and Msn2-myc-tagged strains using anti-myc 
antibodies, before and after the glucose to glycerol media switch.  Mediator-
bound and Msn2-bound DNA was identified by sequencing using a paired-
end Illumina protocol.  In line with our finding that the transcriptional 
changes that result from a glucose-to-glycerol switch are not by and large 
associated with nucleosome remodeling, we found that after the shift, Msn2 
clearly tended to bind upstream of genes that have highly extended 5’ NDRs, 
such as the genes in clusters 9 and 10.  Thus, Msn2 binding was not 
associated with nucleosome eviction, nor did Msn2 bind DNA concomitantly 
with nucleosomes, since Msn2 target promoters were already nucleosome-
free prior to the glucose-to-glycerol switch. Consistently, the Msn2 
recognition sequences (STRE elements) across the genome did not, on 
average, become more exposed by shifting away or depletion of nucleosomes.  
The Msn2-bound genes, which included most of the known Msn2 targets, 
generally showed induction and increased Pol II occupancy (see below), as 
expected of the stress response genes upon glucose depletion. 

     There was a surprising correlation between Mediator and Msn2 
occupancy at 20 minutes following the glucose-to-glycerol switch, as some 
Mediator subunits were also preferentially recruited to regions of extended 5’ 
NDRs.  Upon examining individual genes, the peaks of Mediator and Msn2 
abundance often overlapped so well to make it likely that Mediator and 
Msn2 are associated at those loci. Moreover, the Mediator subunits were 
already to some extent enriched at these regions already prior to the glucose-
to-glycerol switch.  We were surprised to find that while 40% of genes 
changed expression 2-fold or more 20 minutes after the glucose-to-glycerol 
switch, Mediator binding was detected at only ~10% of the corresponding 
promoters at 20 minutes after the shift. This suggests that many genes do 
not require detectable levels of Mediator for their regulation or alternatively, 
that many genes have already responded to glucose removal prior to the 20 
minute time point. 

     Microarray analysis is useful as readout of mRNA abundance in the cell. 
However, an increase or decrease of mRNA does not necessarily reflect an 
increase or decrease in transcription, because mRNA levels can also be 
regulated post-transcriptionally. Thus, knowing the Pol II occupancy at 
genes can be an informative complement to microarrays, and it can better 
give a measurement of on-going transcription.  Pol II was more strongly 
enriched at ORFs whose promoters had low nucleosome occupancy and high 
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transcription rates. Thus, prior to the glucose-to-glycerol switch, Pol II was 
especially prominent at ORFs in clusters 9 and 10, which had long 5’ NDRs 
and included ribosomal protein synthesis genes and other highly transcribed 
genes.  20 minutes after the switch, Pol II decreased at the ribosomal protein 
synthesis genes but was recruited to the stress response genes in the 
promoters of clusters 9 and 10, among others.  Before the media switch, 
Mediator was enriched at stress response genes, whose transcript levels and 
Pol II occupancy were low at this time point. After the switch, Mediator was 
further recruited to the stress response genes, and their mRNA levels and Pol 
II occupancy increased substantially.  

     In total, among the genes to which Mediator was bound, about 50% 
showed both induction and increased pol II occupancy, suggesting that 
Mediator most often acts as a co-activator.  In addition, we found that about 
20% of the genes to which Mediator was recruited were repressed, 
reinforcing the notion that a substantial part of Mediator’s role in 
transcription is as a co-repressor. More unexpectedly, we found that about 
10% of genes to which Msn2 was recruited after the switch became 
repressed, revealing a novel and previously unknown repressive function for 
Msn2.  Regarding nucleosomes at these promoters, we find a general loss of 
nucleosomes at the most induced promoters in wild type cells, while no 
general gain of nucleosomes could be detected at the most repressed 
promoters. The loss of nucleosomes at the most highly expressed genes was 
dependent on Msn2 and/or Msn4, since the effect was not observed in 
msn2Δmsn4Δ.  

     Focusing on how often the different Mediator subunits co-localized with 
one another, we found that in glucose media, the binding of all Mediator 
subunits correlated well to each other and to the binding of Msn2. Similar to 
what we found at the 0 minute time point, binding of Msn2 and Tail, Middle 
and Head Mediator subunits correlated well to each other at 20 minutes 
after glucose downshift. However, a decrease in correlation was observed 
between CycC and all other proteins at the 20 minute time point.  Based on 
the established repressive function of the kinase domain and the fact that 
50% of the analyzed genes are induced by glucose downshift, we interpret 
this to mean that CycC has a repressive role at these promoters at the 0 
minute time point and that the loss of CycC binding at the 20 minute time 
point thus causes de-repression.  Although not as strongly as for CycC, we 
also observed a decreased correlation in the dynamics of Med7 
redistribution, compared to the other subunits, suggesting that the middle 
domain can sometimes act independently of the head and tail domains. 
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     Such a global analysis showed that with the exception of CycC, Mediator 
subunits act in concert much of the time and, upon glucose downshift, are 
very often co-localized to DNA together with Msn2.  However, zooming in at 
specific promoters, such as ZRT1, revealed important exceptions, where 
different Mediator subunits acted independently of one another.  Thus, the 
Mediator subunits form variant complexes in a dynamic, promoter-specific 
way. 
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Discussion 

 Eukaryotic transcription remains a poorly understood process, although 
not for lack of effort: decades of research have been directed towards 
shedding light on this complex and its essential activities.   The roles of 
Mediator and of chromatin in transcription, and how they may interact with 
Pol II and with various transcription factors, remain somewhat 
controversial.  Recent advances in biotechnology have permitted dynamic 
genome-wide surveys, some of which have challenged notions based on 
studies of individual genes or genome-wide snapshots taken at only a single 
moment in time.  Thus, Mediator has been identified as an adaptor between 
the general transcriptional machinery and a host of specialized 
transcriptional regulators, but recent work in yeast has called into question 
Mediator’s presumed ubiquitous role in transcription (Fan and Struhl, 
2009; Fan et al., 2006). Meanwhile, other studies indicated that chromatin 
remodeling takes place upon activation or repression of some genes but not 
of others (Huebert et al., 2012; Shivaswamy et al., 2008; Zawadzki et al., 
2009).  

 Accumulating knowledge about different model organisms, and ensuing 
comparisons between these organisms, have likewise helped to resolve some 
questions while raising others: as presented in this study, sequence 
comparisons to yeast and mammals have aided identification of the 
Mediator complex in plants.  Conversely, the finding that in A. thaliana, the 
Mediator subunits exist in different stoichiometries and are differentially 
regulated in response to stress have helped to motivate the present inquiry 
into the composition of DNA-bound Mediator complexes in yeast.  

 This thesis makes a two-pronged effort to understand the role of 
Mediator in transcription: the first successful isolation of the Mediator 
complex in plants and examination of its function in the stress and flowering 
pathways in A. thaliana.  Second, a genome-wide study in budding yeast of 
the distribution of Mediator subunits, Pol II and the Msn2 before and after a 
transcriptional switch, combined with nucleosome positioning.  

Mediator in A. thaliana  

 Until the publications presented in this thesis, the Mediator complex had 
been identified in yeast and mammals, but no representative had been 
known to exist in plants.  The amino acid homology between the A. thaliana 
Mediator subunits and those of other species is generally poor, but it 
nevertheless suggested the existence of six Mediator subunits in A. thaliana.  
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Immunoprecipitations using antibodies raised against the most conserved of 
these subunits resulted in the eventual identification of 21 conserved 
subunits and six A. thaliana specific ones.  The isolation of Mediator from A. 
thaliana facilitated the search for Mediator components in other plants, such 
as the moss Physcomitrella patens.  Indeed, Mediator was found to both 
exist and be conserved across the plant kingdom. 

 Some of the genes identified as Mediator subunits in A. thaliana had 
already been known to participate in signaling pathways regulating cell 
proliferation and flowering time, among others. For example, the subunit 
Med25 was earlier identified as PFT1, a component of a phyB-dependent 
pathway controlling the induction of the flowering activator FT gene in 
response to changes in light quality (Cerdan and Chory, 2003). The precise 
function of PFT1 in this pathway was, however, unknown.  The revelation 
that PFT1 is actually a Mediator subunit potentially linked PFT1 directly to 
the transcriptional regulation of the FT gene. 

 Subsequently, yeast-2-hybrid assays identified interactions between 
Med25 and several transcription factors, including DREB2A, ZFHD1, and 
MYB-like, all of which participate in the responses to various stresses.  
Genetic analyses placed Med25 downstream of these proteins in the salt 
stress pathways, consistent with its function as a Mediator subunit. Such 
analyses also revealed novel roles for Med25 in the salt and drought 
tolerance pathways, as well as for DREB2A in the flowering pathway.  
Importantly, Med25 was found to act in a similar capacity in P patens, 
suggesting that this function was present in a common ancestor of all land 
plants.  In summary, binding assays and genetic analyses presented in the 
publications in this thesis pointed to the newly-discovered plant Mediator 
having similar transcriptional regulatory functions as Mediator in other 
eukaryotes – that is, an adaptor between transcription factors and the 
transcriptional machinery, capable of co-activating and co-repressing 
transcription.  Recent work from other groups has confirmed this (Chen et 
al., 2012), as well as linked A. thaliana Mediator to embryo patterning 
(Gillmor et al., 2010), non-coding RNA production via Pol II (Kim et al., 
2011), and other processes.   

Mediator, chromatin, and Msn2 in budding yeast 

 The importance of Mediator’s discovery in A. thaliana was not limited to 
the plant community.  Pasrija et al, 2012, showed that the plant Mediator 
subunit transcripts do not exist in stoichiometric amounts and are 
differentially regulated following environmental perturbations (Pasrija and 
Thakur, 2012).  The original report, by Backstrom et al, 2007, identifying 
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plant Mediator showed that Med7 only partially co-purifies with other 
subunits.  Furthermore, it was established that different paralogues were 
expressed and incorporated into Mediator. These observations begged the 
question of whether plant Mediator may exist in multiple subunit 
configurations and also prompted the same inquiry regarding Mediator in 
yeast.  Additional arguments in favor of multiple Mediator variants in yeast 
included studies by Zhang et al, 2004 and Ansari et al, 2012, who showed 
that in yeast, the tail domain alone can in some cases mediate transcription 
and that the tail subunits are functionally redundant (Ansari and Morse, 
2012; Zhang et al., 2004). 

 This possibility was the launching point for the present study, in which 
ChIP-SEQ technology was used to investigate Mediator composition and 
occupancy across the genome following a transcriptional switch.  At the same 
time, the genome-wide occupancy of Pol II and the Msn2 stress response 
transcription factor were mapped, as was the positioning of nucleosomes.  
The findings presented here show that in optimal growth conditions, 
Mediator detectably occupies only a limited set of promoters, namely those 
regulated by the stress response transcription factor Msn2.  Mediator is 
further rectuited to these – but not many other – promoters after a glucose 
to glycerol media switch, despite the widespread expression changes that 
take place upon glucose downshift.  These observations agree with reports by 
Struhl and colleagues (Fan and Struhl, 2009; Fan et al., 2006) that 
Mediator selectively associates with a limited number of upstream promoter 
regions in an activator- and stress-specific manner.  A point of discord with 
the aforementioned studies is that they conclude that Mediator is not 
associated with Msn2-regulated genes, while in the present work, the Msn2-
regulated genes are the principal Mediator targets.  However, this 
discrepancy may be a consequence of the different transcriptional switches 
that were used by Struhl and colleagues and in this report – heat shock and 
glucose-to-glycerol switch, respectively.  Moreover, many of the presumed 
non-Msn2 regulated genes in their study were confirmed to be Msn2 and/or 
Msn4 dependent in our study.  

 In the present study, the regions of Mediator and Msn2 binding 
overlapped so extensively as to warrant the suggestion that Mediator and 
Msn2 may be in direct contact.  This is consistent with the data in Lallet et 
al, 2006, showing that deletion of MED15 caused a decrease in the Msn2-
dependent response to stress.  Because Mediator was present at many Msn2 
targets even prior to glucose removal, it may be that Mediator helps to 
recruit Msn2 to these promoters after stress. 
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 The genes that Mediator bound prior to stress were for the most part 
inactive and not enriched for Pol II, suggesting that Mediator either has a 
repressive function or else that it sits poised at the stress promoters, ready to 
be activated once an environmental change is sensed.  After glucose removal, 
the majority of Mediator-bound targets were induced and enriched for Pol II, 
indicating that in stressful conditions, Mediator usually acts as a co-activator 
for Pol II driven transcription.  However, a considerable fraction of the genes 
to which Mediator was recruited were repressed in glucose-free media.  This 
once again indicates that Mediator has a repressive role at some genes, or 
else that it is recruited to sit inactive but poised for activity as soon as an 
environmental change calls for it, analogously to heat shock factors in many 
organisms (Rougvie and Lis, 1990). Deletion and conditional inactivation 
mutants will have to be examined in the future in order to resolve this 
question. 

 The Mediator subunits from its head, middle, tail, and kinase domains 
generally correlated well in their occupancy profiles in glucose media.  This 
included CycC from the repressive kinase module, which co-localized 
together with the other subunits.  The promoters they bound were not 
transcribed, or only very weakly, in those conditions. This is consistent with 
Mediator acting as a repressor, or else simply sitting inactive, at those 
promoters in optimal growth conditions. After the glucose to glycerol media 
switch, the occupancy of most subunits again correlated well, but this was 
less true for CycC. Because many of the genes bound by Mediator after 
glucose downshift were induced, the lower correlation of CycC occupancy 
with that of the other subunits suggests that CycC dissociation is coupled to 
gene activation. 

 Interestingly, quantifying the changes in occupancy that occured upon 
the glucose downshift showed that Med7 binding dynamics also correlated 
less well with the dynamics of the other subunits, although this difference 
was not as large as for CycC.  The different redistribution of Med7 from that 
of the other subunits is a novel finding and indicates that the middle domain 
sometimes dissociates from the head and tail domains in the active Mediator 
complex. 
     Aside from global overviews, examination of individual genes revealed 
several cases of other subunits, such as Med3, acting independently of the 
others.  Instances of some subunits increasing or decreasing in occupancy 
when others did not, or shifting along the promoter when others did not 
were repeatedly observed.  This indicates that there are variants of the 
Mediator complex, containing a subset of the subunits, that are found at 
different loci with a different probability.  
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 In summary, these findings show that Mediator’s role is promoter- and 
condition- specific: at some promoters and in some environments, Mediator 
acts as an inducer, while in other cases it may act as a repressor, or else sits 
poised for activation.  In some cases it exists as a full complex composed of 
its head, middle, and tail domain subunits, while in other cases, different 
variants of the complex exist.  Further studies are required to investigate the 
composition and function of these subtypes of Mediator. 

 Interestingly, the present work also revealed that the nucleosome arrays 
at promoters could be organized into different pattern clusters.  Thus, some 
promoters were rich in well-positioned nucleosomes, while others had 
extended 5’ NDRs.  The latter classes were enriched in highly transcribed 
genes (such as ribosome protein synthesis genes), highly regulated stress 
response genes, and TATA-box containing promoters.  The Mediator- and 
Msn2-bound promoters tended to lie in these extended NDRs.  NDRs of the 
expected 150-200 base pair length tended not to be bound by Mediator, or 
by Msn2, even at STRE elements (the Msn2 recognition sequence).  

This indicates that an NDR is by itself not sufficient to recruit Msn2, 
Mediator and co-factors but that other regulatory events are involved.  It is 
conceivable, for example, that Mediator itself helps to compete away the 
nucleosomes from the promoters which have extended NDRs. 

 Consistently with other reports (Shivaswamy et al., 2008; Tolkunov et 
al., 2011; Zawadzki et al., 2009), the transcriptional switch did not result in 
global changes in nucleosome positioning.  Among the exceptions were 
interesting cases of nuclesomes disappearing or even appearing at promoters 
in an Msn2-dependent manner, leading to the induction or repression of the 
associated genes.  Thus, this work also reveals a novel role for Msn2 as a 
transcriptional repressor. 
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