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ABSTRACT
The Mediator complex is an essential multiprotein coregulator of RNA polymerase II (pol II)dependent transcription in fungi and metazoans. Mediator interacts directly with both pol II
and sequence-specific transcriptional regulators and thus acting as a bridge between the two.
We have performed a comparative biochemical and functional characterisation the Mediator
in the two ascomycete yeasts S. cerevisiae and S. pombe to address to what degree subunit
architecture and specific regulatory functions have been conserved between these two species.
In Paper I we identified the Med31 protein as a stable subunit of Mediator in S.
cerevisiae and S. pombe. We defined a highly conserved central motif in the Med31 protein
that appeared to be required but not sufficient for the association of Med31 with the rest of
the Mediator complex.
In Paper II we investigated the structural basis for the global shutdown of pol IIdependent transcription in the S. cerevisiae MED17 temperature sensitive allele srb4-138. We
found that the srb4-138 allele disrupts the interaction between the head and middle domains
both in vitro and in vivo. This suggested that the global shutdown of transcription in srb4-138
cells at the non-permissive temperature is caused by destabilisation of the core Mediator
complex.
In Paper III we characterised the architecture of the S. pombe Cdk8 module by
biochemical means and addressed its relationship to the non-essential Med1 subunit. We
found that the Med1 subunit is closely linked both structurally and functionally with the Cdk8
module. Electron microscopy of wildtype and �med1 Mediator resolved the position of the
Med1 subunit as proximal to the Cdk8 module within the pol II-binding cleft of the core
Mediator complex. Expression profiling of �med1 cells showed significant overlap with the
changes seen in cells lacking either Med12 or Med13.
In Paper IV we carried out a comprehensive functional characterisation of the S.
pombe Mediator complex and identified two distinct morphological pathways that require
different parts of the Mediator for their proper regulation. Head domain-linked mutants
tended to grow as hyphae due to their inability to express genes required for proper cell
separation after mitosis. Mutants of the Cdk8 module aggregated into large clumps due to
impaired repression of genes that code for cell surface agglutinins. Comparison with similar
studies done in S. cerevisiae revealed that both regulatory roles for these subcomplexes are
conserved.
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INTRODUCTION
1.1

THE NEED FOR GENE REGULATION
“The cell is a clever beast.”
Prof. Steve Yeaman

Each of the billions of cells in our bodies contains the identical set of some 30,000
genes that make up our genome (Venter et al., 2001). Despite this basic genetic
circuitry our cells display a remarkable variation in appearance as well as in function
– from the bone forming osteoblasts in our skeleton to the free ranging lymphocytes
that patrol our bodies in the search of microscopic intruders. The astounding
complexity of the human body originates from a single diploid cell, which has to
undergo an extremely intricate program of multiplication and differentiation in order
to produce a fully developed organism. We are only beginning to understand this
process but we now know that it requires a highly regulated process of activating
some genes and repressing others at specific times and in specific cells and tissues in
the developing embryo. Thus the cells of our bodies are not distinguished by the basic
genetic material of the genome but rather which components of the genome are active
in each individual cell. In addition our cells must constantly adjust the activity of their
genes from one moment to the next depending on external signals in the form of
hormones, signal substances and local environmental parameters. The activity of our
genes determine if cells are to proliferate further of remain quiescent, a crucial
property for multicellular organisms like ourselves that depend on several specialised
tissues and organ systems for biological function. If gene activity is not stringently
controlled, individual cells may start multiplying uncontrollably leading to cancer.
The importance of stringent control of gene activity is no less true for
unicellular organisms such as bacteria or free-living eukaryotic cells (cells that
contain a membrane-enclosed nucleus like our own). In their case it is not so much
coordinating the activity of their genes with those surrounding it, which is the case in
the tissues of a multicellular organism. These free-living cells are exposed to far
harsher surroundings and must instead respond instantly to changes in their
environment – temperature, pH, salinity, concentration of nutrients, or quickly perish.
This requires continuous adjustment of gene activity levels.
What is it that determines the activity level of a gene? A gene is generally
thought of as a defined stretch of double-stranded DNA, which exerts its function
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through a process known as transcription. During transcription the cell makes a
single-stranded copy of the double-stranded region of chromosomal DNA that
encompasses the gene. The copy is composed of a closely related nucleic acid called
RNA. The relative amount of one species of RNA transcript in relation to the others
in the cell is a common measure of gene activity. Many genes in a cell are not being
actively transcribed and consequently their RNA transcripts are not detectable. The
relative amounts of all RNA species in a single cell at any one time is called a
transcript (or expression) profile and can change from one instant to the next.
The RNA molecules themselves have different fates. The so-called coding
RNA molecules, more commonly termed messenger RNA or simply mRNA, contain
assembly instructions for proteins and make up the vast majority of genes. Large
protein/RNA-complexes called ribosomes read the mRNA molecules and assemble
proteins in accordance with their sequences in a process known as translation.
Proteins then perform a wide array of functions ranging from enzyme catalysis to
maintaining the structural integrity of the cell.
The common baker’s yeast Saccharomyces cerevisiae (also known as budding
yeast) is a unicellular eukaryote with a genome that contains some 6,000 genes
(Goffeau et al., 1996). Although it is fundamentally different from a human cell, it is
an attractive model organism because the basic mechanisms of gene regulation are
very similar. The gene regulatory network of a S. cerevisiae cell is the best
understood of all eukaryotic organisms. Within the last decade it has become possible
to study the activity of all the genes of a S. cerevisiae simultaneously using arraybased hybridisation experiments with so-called microarrays that has allowed
unprecedented insight to cell behaviour.
The ultimate goal of any living organism is to reproduce and thereby
propagate its genetic material. A yeast cell therefore seeks to multiply by division but
must simultaneously regulate the pace of division in relation to the surrounding
environment. Laboratory strains of S. cerevisiae are commonly grown in the presence
of the six-carbon sugar glucose. The yeast cell prefers glucose molecule as a carbon
source because it is at the centre of the metabolic network that ultimately produces
the common energy source of the cell – the ATP molecule. The cell does not have to
pass the glucose molecule through many enzymatic steps before it can enter the ATPgenerating chain of reactions. One glucose molecule can be fully metabolised into six
molecules each of water and carbon dioxide through the processes of glycolysis and
respiration (Berg et al., 2006). The complete oxidation of glucose will on average
2

provide a total of 30 ATP molecules per molecule of glucose. Yet S. cerevisiae cells
grown in glucose-containing liquid medium instead chose to ferment the glucose into
ethanol, which only produces two molecules of ATP per molecule of glucose. This
might appear wasteful at first but is in fact an evolutionary strategy to quickly use up
all available glucose before competing organisms have a chance to make any use of
it. In addition the ethanol produced by the fermentation process inhibits growth of
potential bacterial competitors. Gene expression analysis of S. cerevisiae cells
growing in glucose have revealed that alternative sugar-utilising pathways are
actively repressed to insure that cell focuses all its efforts on using up the available
glucose (DeRisi et al., 1997; Rolland et al., 2002). At the same time the cell
maximises its production of ribosomes, the machinery that translates mRNA into
proteins (Warner, 1999). In this mode of growth known as log phase yeast cell
number increases exponentially with the average cell dividing every 90 minutes. As
levels of glucose decrease and levels of ethanol increase, the cell switches its mode of
foraging. Genes involved in glucose import are repressed simultaneously as the cell
starts activating genes involved in the metabolism of the ethanol produced during its
fermentation growth phase – a switch in metabolic programming that is known as the
diauxic shift (DeRisi et al., 1997). Eventually the ethanol is used up as well and no
carbon source remains to be metabolised. The S. cerevisiae cell has already engaged
another gene expression program in preparation for carbon source depletion. At this
point most genes are shut off and cellular processes nearly grind to a halt, a condition
appropriately called stationary phase (Gray et al., 2004; Herman, 2002). The cells
have not simply arrested their growth at the point where carbon sources finally ran
out but instead entered an alternative growth phase where cell size no longer
increases. Instead the cells have prepared themselves for leaner times by expressing
genes that code for enzymes and other proteins that will protect them from
environmental challenges while being their quiescent state (Herman, 2002; Radonjic
et al., 2005). Cellular processes are still ongoing but at only a fraction of their former
activity. Protein synthesis in S. cerevisiae cells drops to 0.3 % within days of entering
stationary phase (Fuge et al., 1994). In addition the yeast cell has primed all its genes
for immediate expression if conditions should improve. Thus if glucose is added to a
culture of S. cerevisiae cells in stationary phase, the fermentation growth program is
rapidly engaged in a matter of minutes with over 2,500 genes being activated
(Radonjic et al., 2005).
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This is but one example of how environmental conditions dictate growth
strategies of the S. cerevisiae cell by differential gene expression. Just like the
embryonic development of multicellular organisms like ourselves, the gene regulation
apparatus of the individual S. cerevisiae cell must work flawlessly in order for the
cells to survive changing environmental conditions and propagate its genetic material.
Many of the genes in yeast that are directly involved in the regulation of carbon
source utilisation by differential gene expression were first identified by the inability
of the mutated cells to modify their genetic expression programs in response to
carbon source availability. And as we will see, the factors involved in the master
regulation of these global gene expression changes are essential for the survival of
starved yeast cells.

1.2

INITIATION OF TRANSCRIPTION AT CODING GENES IN
EUKARYOTIC CELLS

Two major processes govern the RNA levels of a particular gene, (1) the rate at which
RNA is produced in a functional form through completed transcription and
processing as well as (2) the rate at which it is degraded. This thesis is concerned with
the regulation of the very first step of RNA synthesis, transcriptional initiation, of
genes that code for proteins. RNA polymerase II (pol II) is the enzyme responsible
for the synthesis of all nuclear mRNA in eukaryotic cells. The pol II enzyme is
composed of twelve individual protein subunits whose peptide sequences have been
highly conserved throughout evolution. Homologues of pol II components can also be
found in bacterial and archaeal RNA polymerases (Baumann et al., 1995;
Ouhammouch, 2004). The largest subunit of the pol II enzyme, Rpb1, is distinguished
by a highly variable C-terminus that is commonly referred to as the C-terminal
domain or CTD. In cells of metazoans, fungi and green plants the CTD is composed
by multiple repeats of seven amino acids, Tyr1Ser2Pro3Thr4Ser5Pro6Ser7 (Corden et
al., 1985; Meinhart et al., 2005). The sequence of the repeats in these eukaryotic
groups is practically invariable but the number of repeats varies between species. The
common baker’s yeast Saccharomyces cerevisiae has 26 repeats while the human
protein contains 52. The CTD plays a crucial role in transcription as will be described
in greater detail below. Progressive truncation of the CTD in S. cerevisiae leads to
stress sensitivity when only 10-13 repeats remain followed by lethality if there are
less than 10 repeats (Nonet et al., 1987). A large number of accessory protein factors
in fungi and metazoans required for the production of mature transcript have been
4

shown to bind directly to the CTD, which suggests that it acts as an assembly
platform (Meinhart et al., 2005). Early-branching eukaryotes such as the malaria
parasite Plasmodium also carry C-terminal extensions on their Rpb1 subunits but
these do not contain the canonical CTD repeat structure (Seshadri et al., 2003; Stiller
and Hall, 2002). These organisms also lack many of the accessory regulators of
transcription found in “higher” eukaryotes. It has been suggested that the
establishment of the conserved heptad structure coincided with the evolution of more
complex transcriptional regulation (Guo and Stiller, 2004; Guo and Stiller, 2005).
Transcription of a gene by pol II involves a number a sequential discrete steps
(Dvir et al., 2001). The pol II enzyme is recruited to the 5’ flanking segment of the
gene known as the promoter (Fig 1A). The promoter contains specific sequence
motifs (cis elements) that specify under what circumstances the neighbouring gene
will be transcribed as well as how often. Once recruited, pol II switches from a preinitiation state to an actively transcribing form. The active polymerase leaves the
promoter in what is known as promoter escape and commences mRNA synthesis. The
polymerase subsequently traverses the entire gene during the step commonly referred
to as the elongation phase. When the polymerase reaches the end of the gene, it will
terminate mRNA synthesis and disengage the DNA template. All of these steps must
be successfully completed in order to produce a functional transcript and therefore
each step in this process provides the cell with an opportunity for regulation.
Initiation of transcription is commonly thought to be the main point of gene
regulation and eukaryotic cells contain a large number of factors that specifically
regulate pol II recruitment to individual promoters within the genome. Approximately
5 % of the genes in our genome code for protein factors that are dedicated to the
specific regulation of the remaining 95 % (Venter et al., 2001). Similar fractions of 56 % are seen in the genomes of the fruitfly Drosophila melanogaster and the plant
Arabidopsis thaliana (Adams et al., 2000; Kaul et al., 2000). These proteins are
termed transcription factors and bind specific DNA cis elements within the core
promoter close to the transcriptional start site or at more distal regulatory regions
further upstream from the gene. If these distal elements have a positive effect on gene
expression, they are commonly referred to as enhancers or upstream activating
sequences (UAS). Sequence-specific transcription factors come in two flavours –
transcriptional activators and transcriptional repressors depending on whether they
stimulate or inhibit gene expression. However, many transcription factors may
actually switch function from activator to repressor through external regulatory
5

Figure 1. Phases of transcriptional initiation. A, Schematic representation of the 5’
regulatory region of a typical eukaryotic gene. B, The four main steps in the initiation of
mRNA synthesis by pol II.

signals. Transcriptional activators as rule contain two modular domains. The DNAbinding domain (DBD for short) recognises specific DNA sequence motifs in the
promoter elements of its target genes. The second domain is responsible for
ultimately recruiting pol II to the promoter through protein-protein interactions and is
thus referred to as the transcriptional activation domain, trans-activation domain or
simply TAD. The DNA-binding and trans-activation domains are often structurally
independent of each other, which enables the construction of synthetic activators by
switching domains between different activator proteins.
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The pol II enzyme requires an additional set of five basal factors known as
general transcription factors (GTFs) in order to be recruited to an activated gene,
recognise the promoter and switch from a pre-initiation state to an elongating form
(Fig 2A-C). These are named transcription factor II B (TFIIB), D, E, F and H. The
multiprotein factor TFIID contains the DNA factor TATA-binding protein (TBP),
which binds an A/T-rich sequence element just upstream of the transcriptional start
site with the consensus sequence TATAA appropriately called the TATA box. The
TFIID factor also contains a number of TBP-associated factors (TAFs) but the TBP
protein is sufficient for transcription activity in a cell-free transcription system
(Oelgeschlager et al., 1998). TBP forms a DNA-bound complex together with the
monomeric GTF TFIIB that sharply bends the promoter DNA (Nikolov et al., 1995).
The pol II enzyme is recruited next and the bent DNA helix wraps around one side of
the polymerase (Bushnell et al., 2004). TFIIF is normally associated with free pol II
and is either recruited together with the polymerase or directly afterwards followed by
TFIIE. Finally the multimeric TFIIH is recruited, possibly through interactions with
TFIIE, and thus completes the so-called pre-initiation complex (PIC). The PIC is also
referred to as the general transcription machinery. The TFIIH complex contains a
kinase subunit, cyclin-dependent kinase 7 (Cdk7), which phosphorylates the fifth
serine within each heptad repeat along the CTD of pol II subunit Rpb1 (Cadena and
Dahmus, 1987; Feaver et al., 1991; Feaver et al., 1994; O'Brien et al., 1994). This
hyperphosphorylation of the CTD (Fig 2C) is the molecular switch that causes the pol
II enzyme to commence mRNA synthesis and enter the elongation phase. A S.
cerevisiae strain that carries a temperature sensitive allele of Cdk7 is unable to initiate
transcription at 37°C (Holstege et al., 1998). The hyperphosphorylation of the CTD
can be observed biochemically by an increase in the molecular weight of the pol II
enzyme (Corden et al., 1985). The hypophosphorylated form is commonly referred to
as IIo and the hyperphosphorylated form IIa.

1.3

DISCOVERY OF MEDIATOR

In the late eighties the lab of Roger Kornberg attempted to reconstitute a minimal
transcription initiation complex in an in vitro (cell-free) system using purified
components of the general transcription machinery from S. cerevisiae cells. Their
setup included template DNA, all the general transcription factors, pol II as well as an
artificial activator composed of the DNA-binding domain of the yeast activator Gal4
7

Figure 2. Sequential assembly of the pre-initiation complex (PIC).

fused to the activation domain of the herpes virus activator VP16. In the absence of
the Gal4-VP16 activator, the in vitro system produced modest levels of basal
transcription. However, when activator was added the activity remained unchanged
even though the Gal4-VP16 activator was known to bind specifically to sequence
elements in the DNA template promoter. Some additional factor was missing that
would allow for activated transcription whereby the basal activity would be
stimulated by increasing amounts of activator (Kornberg, 2005).
8

The Kornberg lab subsequently isolated a biochemical activity that was able
to convey the stimulation of the activator to the general transcription machinery
(Flanagan et al., 1991; Kelleher et al., 1990). This activity was termed Mediator of
transcriptional activation or Mediator for short. Experiments carried out in the lab of
Mark Ptashne some years earlier had already suggested that there were limiting
amounts of an additional set of factors required for activated transcription – so-called
coactivators. The Ptashne lab showed that the over-expression of one activator would
repress the activity of another activator simply by sequestering coactivators, a
phenomenon they termed squelching (Gill and Ptashne, 1988). Similarly the lab of
Pierre Chambon had observed that over-stimulation of one hormone-dependent
transcription factor would repress the activity of another (Meyer et al., 1989). The
Kornberg lab demonstrated that a partially purified Mediator fraction was able to
reverse this kind of inhibition (Kelleher et al., 1990).
The S. cerevisiae Mediator activity was eventually purified to homogeneity by
the Kornberg lab and it was found to be a large (1 MDa) multiprotein complex
composed of some twenty subunits in a holoenzyme complex with pol II and TFIIF
(Kim et al., 1994). Identification of the individual Mediator subunits revealed that
many of them had previously been identified in genetic screens. A group of four
genes carrying the acronym SRB for suppressors of RNA polymerase B (another
name for pol II) had been isolated in the lab of Richard Young some years earlier
(Koleske et al., 1992; Nonet and Young, 1989; Thompson et al., 1993). These gainof-function mutants were able to compensate for the cold-sensitivity of a strain with a
severely truncated C-terminal domain of Rpb1, which already hinted at their role in
transcription. The Young lab had also shown that the Srb proteins where part of a
large protein complex but had not been able to purify them to homogeneity (Koleske
and Young, 1994; Thompson et al., 1993).
At first it was believed that the Mediator complex was unique to yeast.
However, Mediator-like multiprotein coactivator complexes were subsequently
isolated in mammalian cells by a number of labs in the late nineties based on either
interactions of these complexes with human transcriptional activators (Boyer et al.,
1999; Fondell et al., 1996; Naar et al., 1999; Rachez et al., 1999; Ryu and Tjian,
1999), stimulatory effects on transcription in vitro (Kretzschmar et al., 1994; Malik et
al., 2000) or because they contained homologues of yeast Mediator proteins (Gu et
al., 1999; Jiang et al., 1998; Sun et al., 1998). Eventually with the accumulation of
sequence data and standardised purification protocols it was possible to establish that
9

Table 1. Yeast and human Mediator subunits.
Unified
nomenclature

S. cerevisiae

S. pombe

H. sapiens

MED1

Med1

Pmc2

TRAP220

MED2

Med2

MED3

Pgd1/Hrs1

MED4

Med4

MED5

Nut1

MED6

Essential
for cell
viability
No
No
No

Pmc4

TRAP36

Yes

Med6

Pmc5

hMed6

Yes

MED7

Med7

Med7

hMed7

Yes

MED8

Med8

Med8/Sep15

ARC32

Yes

MED9

Cse2

MED10

Nut2

MED11

Med11

MED12

Srb8

No

Nut2
Srb8

MED12L
MED13

Srb9

Trap240

MED13L

Med25

No

hNut2

Yes

HSPC296

Yes

TRAP230

No

TRALPUSH

(nd)

TRAP240

No

PROSIT240

(nd)

MED14

Rgr1

Pmc1

TRAP170

Yes

MED15

Gal11

Med15

PCQAP/ARC105

No

MED16

Sin4

MED17

Srb4

MED18
MED19

TRAP95

No

Srb4

TRAP80

Yes

Srb5

Pmc6/Sep11

p28b

No

Rox3

Rox3

LCMR1

No

MED20

Srb2

Med20

TRFP

No

MED21

Srb7

Srb7

hSrb7

Yes

MED22

Srb6

Srb6

Surf5

Yes

MED23

Sur2/TRAP150ß

No

MED24

TRAP100

No

MED25

ARC92

(nd)

MED26

CRSP70

(nd)

MED27

Pmc3

TRAP37

No

MED28

Fksg20

(nd)

MED29

intersex

No

MED30

TRAP25

(nd)
No

MED31

Soh1

Sep10

hSoh1

Cdk8

Srb10/Ssn3

Srb10/Prk1

Cdk8

Cdk11
CycC

No
(nd)

Srb11/Ssn8

Srb11

Cyclin C

No

(nd = not determined)

all these Mediator-like complexes were in fact one and the same (Boube et al., 2002;
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Bourbon et al., 2004; Conaway et al., 2005; Sato et al., 2004; Spahr et al., 2001). To
date Mediator has also been isolated from the nematode Caenorhabditis elegans
(Kwon et al., 1999), the unicellular yeast Schizosaccharomyces pombe (Spahr et al.,
2000; Spahr et al., 2001) and the fruit fly Drosophila melanogaster (Park et al.,
2001a). It is now clear that the Mediator contains a core set of subunits that are
evolutionary conserved between metazoans and fungi (Boube et al., 2002; Spahr et
al., 2001). A common nomenclature for Mediator subunits has therefore been
established (Bourbon et al., 2004), which is summarised in Table 1.
The purification of yeast Mediator to homogeneity lead to the characterisation of five
fundamental biochemical properties of Mediator in vitro, which appear to hold for
metazoan Mediator complexes as well.
1. Mediator permits activated transcription (Flanagan et al., 1991; Kim et al., 1994).
Since its original purification this has also been firmly established in metazoan cells
as well. Immunodepletion of Mediator from metazoan extracts leads to the loss of
activated transcription (Baek et al., 2002; Mittler et al., 2001; Oelgeschlager et al.,
1998; Park et al., 2001a).
2. Mediator is able to interact directly with transcriptional activators and repressors.
In some cases these interactions are strong enough to allow direct purification of
Mediator from mammalian cells as described above. Several reports have shown that
the Mediator can distinguish between an activator in an activated or repressed state
(Burakov et al., 2000; Fondell et al., 1996; Rachez et al., 1999; Wang et al., 2004b;
Yuan et al., 1998). Numerous interactions between specific Mediator subunits and
activators and repressors have been described to date and are summarised in Table 2.
3. Mediator stimulates basal transcription activity of a pure pre-initiation complex in
the absence of activators (Kim et al., 1994; Malik et al., 2005).
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Table 2. Identified activator/Mediator subunit interactions.
Transcription factor

Mediator subunit

Reference

Sip4
Swi5

Med17
Med15
Cdk8
Med3
Med15
Med15
Med13
Med16
Med19
CycC
Cdk8
Med15

(Koh et al., 1998)
(Jeong et al., 2001)
(Ansari et al., 2002)
(Park et al., 2000)
(Lee et al., 1999)
(Lallet et al., 2006)
(Song and Carlson, 1998)
(Song and Carlson, 1998)
(Song and Carlson, 1998)
(Song and Carlson, 1998)
(Vincent et al., 2001)
(Bhoite et al., 2001)

Vertebrate cells
AHR
C/EBPß
E1A
Elk-1
ER�

Med1
Med23
Med23
Med23
Med1

(Wang et al., 2004b)
(Mo et al., 2004)
(Boyer et al., 1999)
(Stevens et al., 2002)
(Burakov et al., 2000; Yuan et al.,
1998)
(Burakov et al., 2000)
(Burakov et al., 2000)
(Burakov et al., 2000)
(Stumpf et al., 2006)
(Gordon et al., 2006)
(Zhou et al., 2006)
(Hittelman et al., 1999)
(Hittelman et al., 1999)
(Malik et al., 2002)
(Malik et al., 2002)
(Ito et al., 1999)
(Ito et al., 1999)
(Gordon et al., 2006)
(Yuan et al., 1998)

Saccharomyces cerevisiae
Gal4

Gcn4
Msn2
Sfl1

Pit-1
PPAR�

Med13
Med17
Med1
Med1
Med1
Med12
Med1
Med14
Med1
Med14
Med1
Med17
Med1
Med1

PPAR�

Med1

ERß
GATA-1
GATA-2
Gli3
GR
HNF-4
p53

RAR�

Med1

(Ge et al., 2002; Yuan et al.,
1998)
(Yuan et al., 1998)

RTA
RXR�

Med12
Med1

(Gwack et al., 2003)
(Yuan et al., 1998)

Smad2
Smad3
SOX9
SREBP-1a

Med15
Med15
Med12
Med15

(Kato et al., 2002)
(Kato et al., 2002)
(Zhou et al., 2002)
(Yang et al., 2006)
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Table 2. Identified activator/Mediator subunit interactions.
Transcription factor

Mediator subunit

Reference

SREBP-1c
SREBP-2
STAT2
TR�

Med15
Med15
Med14
Med17
Med1

(Yang et al., 2006)
(Yang et al., 2006)
(Lau et al., 2003)
(Lau et al., 2003)
(Yuan et al., 1998)

VDR

Med1

(Rachez et al., 1999; Yuan et al.,
1998)
(Rachez et al., 1999)
(Rachez et al., 1999)
(Ito et al., 1999)
(Boyer et al., 1999)

VP16

Med14
Med17
Med17
Med23

Drosophila melanogaster
Dif

Med16
Med17

DSXF
HSF

Med23
Med25
Med29
Med17

Notch

Med23
Med25
Med17

(Kim et al., 2004b)
(Kim et al., 2004b; Park et al.,
2003)
(Kim et al., 2004b)
(Kim et al., 2004b)
(Garrett-Engele et al., 2002)
(Kim et al., 2004b; Park et al.,
2001b)
(Kim et al., 2004b)
(Kim et al., 2004b)
(Park et al., 2003)

4. Mediator interacts directly with pol II forming a Mediator/pol II holoenzyme (Kim
et al., 1994; Koleske and Young, 1994; Thompson et al., 1993). This interaction
occurs with the main body of the polymerase as well as with the Rpb1 CTD (Asturias
et al., 1999; Davis et al., 2002; Elmlund et al., 2006; Jiang et al., 1998; Myers et al.,
1998; Park et al., 2001a). Mediator can also interact directly with recombinant CTD
(Jiang et al., 1998; Myers et al., 1998; Park et al., 2001a).
5. Mediator stimulates the CTD kinase activity of TFIIH component Cdk7 (Jiang et
al., 1998; Kim et al., 1994; Park et al., 2001a; Spahr et al., 2000). This property only
requires the kinase subcomplex (TFIIK) of TFIIH, which consists of Cdk7, cyclin H
and the Mat1 regulatory subunit (Guidi et al., 2004; Spahr et al., 2003). Mediatordependent stimulation of CTD phosphorylation by Cdk7 is equally efficient on a
13

recombinant CTD substrate suggesting that additional interactions between Mediator
and pol II is not required for this activity (Guidi et al., 2004).
Further work in vivo defined some functional properties of Mediator in a cellular
context. First, Mediator is required for virtually all pol II dependent transcription in
vivo. Inactivation of some essential Mediator subunits will abolish transcription both
in yeast and metazoan cells (Holstege et al., 1998; Kim et al., 2004b; Shim et al.,
2002; Thompson and Young, 1995). A few genes have been described in S .
cerevisiae that do not appear to require Mediator for their activation but the nature of
this Mediator-independence has not been fully characterised (Lee and Lis, 1998; Li et
al., 1999; McNeil et al., 1998).
Second, although Mediator was originally isolated based on its function as a
transcriptional coactivator, many studies have shown that Mediator also has the
ability to stimulate or repress transcription depending on the context of the individual
gene. Several S. cerevisiae Mediator subunits were originally identified as repressors
in genetic screens, which will be described in greater detail in the next section. In
addition some of the original purifications of mammalian Mediator observed a
repressive activity when it was added to in vitro transcription reactions (Gu et al.,
1999; Sun et al., 1998).

1.4

ARCHITECTURE OF YEAST MEDIATOR COMPLEXES

The two ascomycete yeasts S. cerevisiae (budding yeast) and S. pombe (fission yeast)
have served as genetic model organisms for decades. Although both are members of
the Ascomycota branch of the fungi, the species are highly divergent (Forsburg, 1999;
Wood et al., 2002). The upper estimate for their evolutionary divergence currently
lies at some one billion years ago (Heckman et al., 2001). Thus both species are well
suited for comparative studies of Mediator architecture and function. Such was the
rationale of our lab when we decided to study Mediator function in S. pombe.
Currently the number of identified stable Mediator subunits is 25 in S.
cerevisiae (Balciunas et al., 1999; Beve et al., 2005; Guglielmi et al., 2004;
Gustafsson et al., 1998; Gustafsson et al., 1997; Hengartner et al., 1995; Kim et al.,
1994; Lee et al., 1997; Li et al., 1995; Liao et al., 1995; Myers et al., 1998) and 18 in
S. pombe (Samuelsen et al., 2003; Spahr et al., 2000; Spahr et al., 2001). One subunit
in S. cerevisiae, Med15, has a credible homologue in S. pombe but it has not been
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identified as a stable subunit of fission yeast Mediator so far. In total 18 subunits are
evolutionary conserved between the two yeasts (Bourbon et al., 2004) as shown in
Table 1.
Initial biochemical studies of S. cerevisiae Mediator indicated that the
Mediator was composed of smaller modules (Koh et al., 1998; Lee et al., 1998; Lee
and Kim, 1998; Lee et al., 1999; Li et al., 1995; Myers et al., 1999). This modular
organisation became apparent upon single particle electron microscopy (EM) analysis
of the S. cerevisiae Mediator complex (Asturias et al., 1999). From these images it
was possible to distinguish three distinct domains, which were named tail, middle and
domain respectively (Fig 3A). Further structural and biochemical analysis of S.
cerevisiae mutants lacking specific domains made it possible to directly assign
subunits to one those domains (Baidoobonso et al., 2006; Dotson et al., 2000; Li et
al., 1995; Myers et al., 1999; Takagi et al., 2006). Taken together with a big volume
of biochemical data elucidating the subunit-interactions of the S. cerevisiae Mediator
(Baumli et al., 2005; Beve et al., 2005; Guglielmi et al., 2004; Han et al., 2001; Kang
et al., 2001; Koh et al., 1998; Lariviere et al., 2006; Lee et al., 1998; Lee and Kim,
1998; Takagi et al., 2006) we now have a very good understanding of how the
individual subunits are organised (Fig 3C). Although the architecture S. pombe
Mediator has not been mapped to the same extent, the fact that all but one of its stable
subunits are conserved in S. cerevisiae, suggests that it is very similar (Fig 3C).
In addition four subunits – Med12, Med13, cyclin-dependent kinase 8 (Cdk8)
and cyclin C (CycC), form a separate sub-stoichiometric complex called the Cdk8
module (Borggrefe et al., 2002; Liao et al., 1995; Samuelsen et al., 2003). The Cdk8
module makes transient interactions with the core Mediator complex and is generally
thought to have a repressive function.

1.4.1 The head domain
The majority of head domain subunits are conserved between yeast and metazoan
cells (Bourbon et al., 2004). EM images of individual S. cerevisiae and S. pombe pol
II/Mediator holoenzyme particles suggested that contacts are made between the head
domain and pol II (Asturias et al., 1999; Davis et al., 2002; Elmlund et al., 2006). The
head domain has been reconstituted in recombinant form from S. cerevisiae but there
are conflicting data on whether it can stimulate basal and activated transcription
independently of the rest of Mediator (Kang et al., 2001; Takagi et al., 2006).
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Figure 3. Architecture of yeast Mediator complexes. A, 2D electron micrograph (EM)
projection map of S. cerevisiae holoenzyme based on averaging 73 individual particles. The
three domains head, middle and tail are indicated. The outline of the pol II enzyme is indicated
by the dark line. Indicated are also the attachment point of CTD (dark circle) and the DNA
binding channel of pol II (c). B, An average 2D projection map of 50 holoenzyme particles
purified from a �med16 strain. The outline of the wildtype complex is indicated in white. Note
the absence of a tail domain. Bar = 200 Å. C, Proposed subunit organisation of Mediator in S.
cerevisiae and S. pombe based on references mentioned in the text. The Med14 and Med19
cannot be unambiguously assigned to a particular domain and have been placed at the
tail/middle and middle/head boundaries, respectively.

Recombinant head domain has the ability to interact with pol II in a TFIIF-dependent
manner (Takagi et al., 2006) as well as with the CTD (Kang et al., 2001). Interactions
with TBP have also been reported but have been questioned by others (Kang et al.,
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2001; Lariviere et al., 2006; Takagi et al., 2006). The exact location of the Med19
subunit is disputed (Baidoobonso et al., 2006; Kang et al., 2001; Takagi et al., 2006)
but will be described together with the head domain subunits in this work. The
subunits Med11 and Med27 are specific for S. cerevisiae and S. pombe respectively.
However, both have proposed homologues in mammalian Mediator (Bourbon et al.,
2004; Sato et al., 2003b). The metazoan-specific subunits Med28, Med29 and Med30
have been assigned to the head domain as well (Conaway et al., 2005).
Med6 is a small and highly conserved subunit that is essential for cell viability
in S. cerevisiae and Drosophila (Boube et al., 2000; Lee et al., 1997). Thermal
inactivation of a conditional allele of MED6 in S. cerevisiae affects about 10 % of the
genome but does not appear to affect Mediator architecture (Holstege et al., 1998;
Lee et al., 1997). Med6 interacts with the Med7 and Med21 subunits of the middle
domain thereby serving as a bridging factor between the head and middle domains
(Baumli et al., 2005).
Med8 is an essential subunit in both S. cerevisiae and S. pombe (Myers et al.,
1998; Zilahi et al., 2000). The N-terminus is conserved between yeast and metazoans
and has been shown to interact with TBP (Lariviere et al., 2006). The C-terminus in
S. cerevisiae binds the Med18-Med20 dimer and separated from the N-terminus by a
flexible middle region (Lariviere et al., 2006). The mammalian Med8 protein contains
an Elongin-interacting motif that allows it to bind Elongin B and C. Together with the
two further proteins Cul-2 and Rbx1, they comprise an E3 ubiquitin ligase complex
that is stably associated with a subpopulation of Mediator in mammalian cells
(Brower et al., 2002).
Med11 is a small essential protein with unknown function that is not
conserved in S. pombe (Gustafsson et al., 1998; Han et al., 1999). The S. cerevisiae
Med11 subunit interacts with the Med17 and Med22 subunits (Guglielmi et al., 2004;
Takagi et al., 2006). The proposed metazoan homologue of Med11 was shown to
interact with Med22 as well (Gu et al., 2002; Sato et al., 2003b).
Med17 is an essential subunit in both S. cerevisiae and S. pombe (Spahr et al.,
2001; Thompson and Young, 1995). The Drosophila homologue has also been
proven to be essential for cell viability (Boube et al., 2000). Med17 is thought to act
as a scaffold for the head domain and interacts with the majority of the head domain
subunits (Kang et al., 2001; Koh et al., 1998; Lee et al., 1998; Takagi et al., 2006).
Med17 makes contacts with the Med21 middle domain subunit and is thought to be in
part responsible for tethering the head and middle domains together (Guglielmi et al.,
17

2004). Med17 has also been reported to act as an interaction surface for activators
(Koh et al., 1998).
Med18 and Med20 form a single functional and structural unit in the head
domain of both yeast and mammals (Koh et al., 1998; Lariviere et al., 2006; Sato et
al., 2003b). Med18 and Med20 were originally described in S. cerevisiae as SRB5 and
SRB2, respectively (Koleske et al., 1992; Nonet and Young, 1989; Thompson et al.,
1993). These gain-of-function alleles were able to rescue an Rpb1 CTD-truncation
mutant. Med18 is important for the expression of mating response genes in S.
cerevisiae in vivo (Holstege et al., 1998) and Mediator lacking Med18 is defective in
basal and activated transcription in vitro (Lee et al., 1999). S. cerevisiae �med18 and
�med20 cells display shortened telomeres (Askree et al., 2004). Crystal structures of
the Med18 and Med20 proteins revealed that they have similar structural folds
(Lariviere et al., 2006). The C-terminus of Med8 binds Med18 and thereby tethers the
Med18-Med20 dimer to the head domain. The S. cerevisiae Med18-Med20
heterodimer can bind TBP in vitro (Lariviere et al., 2006). The mammalian
homologues of Med18 and Med20 are able to form a stable complex with the
metazoan-specific subunit Med29, indicating that this protein is located in the head
domain of metazoan Mediator (Conaway et al., 2005; Sato et al., 2003a).
Med19 was first described as the ROX3 repressor of the hypoxia-induced gene
CYC7 in S. cerevisiae (Rosenblum-Vos et al., 1991) and has since then been found to
repress other pathways as well (Brown et al., 1995; Evangelista et al., 1996; Song et
al., 1996). S. cerevisiae Med19 has also been shown to be required for the activation
Gcn4 target genes during nitrogen starvation (Qiu et al., 2004; Yoon et al., 2003).
Med19 was originally thought essential in S. cerevisiae (Rosenblum-Vos et al., 1991).
Later studies showed that the S. cerevisiae MED19 gene could be deleted (Becerra et
al., 2002; Qiu et al., 2004). Expression profiling of a conditional med19 allele links if
to the Cdk8 module (van de Peppel et al., 2005). Recombinant expression of head
domain subunits originally placed Med19 in the head domain (Kang et al., 2001) but
more recent work has shown that it probably resides on the head/middle boundary
(Baidoobonso et al., 2006). Mediator lacking Med19 is unstable and loses the middle
domain in some Mediator populations. �med19 Mediator is not capable of interacting
with pol II or recombinant CTD and it also fails to stimulate the CTD kinase activity
of the TFIIH Cdk7 kinase (Baidoobonso et al., 2006).
Med22 is a small essential protein that was first isolated as the SRB6 gain-offunction suppressor of Rpb1 CTD truncation lethality in S. cerevisiae (Thompson et
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al., 1993). A conditional loss-of-function allele srb6-107 disrupts all pol II-dependent
transcription at the non-permissive temperature (Thompson and Young, 1995).
Med27 is a S. pombe-specific subunit of unknown function. The deletion
mutant has a very mild phenotype (Paper IV). Biochemical data and yeast two-hybrid
data indicates that Med27 interacts with Med20 and the C-terminus of Med17 (Paper
IV). The proposed mammalian homologue of Med27 has been shown to interact with
the metazoan specific subunit Med30 (Sato et al., 2003b).

1.4.2 The middle domain
The middle domain contains the majority of the highly conserved subunits of
Mediator (Baumli et al., 2005; Bourbon et al., 2004). The S. cerevisiae middle
domain is thought to make physical contact with pol II (Davis et al., 2002). The
Med14 subunit is sometimes grouped with the tail domain but will be described as a
middle domain subunit here (Asturias et al., 1999; Baidoobonso et al., 2006;
Guglielmi et al., 2004). The S. cerevisiae-specific subunit Med5 has been grouped
with the middle domain previously but recent data from our lab places it in the tail
domain (Beve et al., 2005).
Med1 is a non-essential protein that is located within the middle domain and
is functionally linked to the Cdk8 module in yeast (Balciunas et al., 1999; van de
Peppel et al., 2005). Recombinant S. cerevisiae Med1 is able to interact with a
Cdk8/CycC dimer (Kang et al., 2001), which indicates that the Med1 subunit
mediates contacts between the middle domain and the Cdk8 module. Removal of the
Med1 subunit does not have any detectable effects on Mediator composition in S.
pombe (Paper III) but seems to destabilise the tail domain subunit Med2 in S.
cerevisiae (Balciunas et al., 1999). The metazoan Med1 homologue is a very large
protein (around 200 kDa) and has been shown to interact with several activators
(Table 2). In mammalian cells Med1 is only present in a subpopulation of Mediator
complexes that associates with pol II (Zhang et al., 2005).
Med4 is an essential protein in both S. pombe and S. cerevisiae (Myers et al.,
1998; Spahr et al., 2001). The S. cerevisiae protein interacts with Med1 and Med9
(Han et al., 2001; Kang et al., 2001) as well as with Cdk8/CycC (Kang et al., 2001),
which suggests that it may be another contact point for the Cdk8 module in the
middle domain. The mammalian homologue has been shown to interact with the
metazoan-specific subunit Med30 (Sato et al., 2003b). S. cerevisiae Med4 is a target
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of the Cdk7 kinase on Thr237 (Guidi et al., 2004; Liu et al., 2004). The biological
role of this modification is still unclear. Med4 has been shown to be involved in the
pH-dependent regulation of hyphal growth and excretion of extracellular proteases in
the yeast Yarrowia lipolytica (Gonzalez-Lopez et al., 2002).
Med7 and Med21 are small, essential and highly conserved proteins that form
a flexible hinge in the middle domain as revealed by structural data (Baumli et al.,
2005; Guglielmi et al., 2004; Han et al., 2001; Myers et al., 1998). Med21 was
originally isolated as a suppressor of CTD truncation in S. cerevisiae and named
SRB7 (Hengartner et al., 1995). Med7 has been identified as a possible target of
sumoylation in S. cerevisiae (Panse et al., 2004). Med21 makes contacts with the
head domain through Med17 (Guglielmi et al., 2004) and possibly through Med6 as
well (Baumli et al., 2005; Gromoller and Lehming, 2000).
Med9 was originally described as CSE2 in S. cerevisiae due to a chromosome
mis-segregation phenotype in med9 mutant cells (Xiao et al., 1993). S. cerevisiae
�med9 cells also display shortened telomeres (Askree et al., 2004). The proposed
mammalian homologue was shown to interact with Med4 (Tomomori-Sato et al.,
2004) in agreement with data from S. cerevisiae (Guglielmi et al., 2004; Han et al.,
2001).
Med10 is a small essential protein that highly conserved and interacts with the
equally conserved Med7, Med21 and Med31 subunits of the middle domain
(Guglielmi et al., 2004; Gustafsson et al., 1998; Han et al., 2001; Han et al., 1999).
Med10 was originally described as a negative regulator of transcription and
designated NUT2 (Tabtiang and Herskowitz, 1998). However, 54 % of all genes in S.
cerevisiae require intact Med10 for transcription (Han et al., 2001) and med10ts
Mediator cannot stimulate activated transcription by Gcn4 or Gal4-VP16 in vitro
(Han et al., 1999).
Med14 is a large essential protein that was originally identified as a repressor
in S. cerevisiae and was named RGR1 (Sakai et al., 1988; Sakai et al., 1990; Stillman
et al., 1994). A C-terminal truncation allele in S. cerevisiae, rgr1-�2, causes the loss
of the tail domain (Li et al., 1995). There is some debate over whether to place
Med14 in the middle or tail domain. In a S. cerevisiae �med19 strain where Mediator
loses the middle domain, Med14 appears to associate with the tail domain
(Baidoobonso et al., 2006). A global proteomic screen in S. cerevisiae has identified
Med14 as a potential target for sumoylation (Wohlschlegel et al., 2004). In addition
Med14 has been identified as possible substrate for Cdk7 phosphorylation (Liu et al.,
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2004). We have observed that the S. pombe Med14 protein migrates as several
different species during polyacrylamide electrophoresis, which would be in
agreement with this kind of post-translational modification (our unpublished data).
Med31 was originally identified in S. cerevisiae as a suppressor of the �hpr1
hyperrecombination mutant and designated SOH1 (Fan et al., 1996; Fan and Klein,
1994). Med31 was first discovered in metazoan Mediator and only later found in
yeast (Gu et al., 1999; Guglielmi et al., 2004; Park et al., 2001a). S. cerevisiae
�med31 cells diplay shortened telomeres as well as decreased replicative life span
(Askree et al., 2004; Merker and Klein, 2002). Med31 appears to be functionally
linked to the Med18 and Med20 subunits of the head domain as well as to the
elongation factor TFIIS (Malagon et al., 2004; Szilagyi et al., 2002; van de Peppel et
al., 2005).

1.4.3 The tail domain
A stable tail domain has only been identified in S. cerevisiae so far (Asturias et al.,
1999; Elmlund et al., 2006) although mammalian Mediator appears to contain an
analogous structure (Dotson et al., 2000). There are two subdivisions within the tail
domain with the general activating subunits Med2, Med3 and Med15 and the two
repressive subunits Med5 and Med16 (Beve et al., 2005; Myers et al., 1999). The
expression profiles of �med5 and �med16 are clearly distinct from that of �med2,
�med3 and �med15 (van de Peppel et al., 2005). The Med2-Med3-Med15 triad of
subunits is required for activation of several genes in vivo (Bhoite et al., 2001; Leroy
et al., 2006; Myers et al., 1999; Natarajan et al., 1999; Piruat et al., 1997; Santos-Rosa
et al., 1996; Wang and Michels, 2004; Zhang et al., 2004) as well as activated
transcription in vitro but is dispensable for the stimulation of basal transcription (Lee
et al., 1999).
The S. cerevisiae-specific Med2 and Med3 proteins form a dimer on the very
tip of the tail domain and are required for mutual binding to the Mediator (Lee et al.,
1999; Myers et al., 1999). Med2 had not been identified in any previous genetic
screens whilst Med3 had been isolated in two separate genetic screens as PGD1 and
HRS1, respectively (Brohl et al., 1994; Santos-Rosa et al., 1996). Med2 and Med3
can be expressed in recombinant form as a soluble complex (Beve et al., 2005). Med2
is phosphorylated by the Cdk8 kinase and this plays a role in the transcription of 2μ
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plasmid as well as the low-iron response (Hallberg et al., 2004; van de Peppel et al.,
2005). Med3 ha been reported to interact with the Tup1 repressor (Han et al., 2001).
Med5 was originally identified as a repressor in S. cerevisiae and called NUT1
(Tabtiang and Herskowitz, 1998). The Med5 protein possesses histone
acetyltransferase activity (Beve et al., 2005; Lorch et al., 2000). Very few genes are
affected in a �med5 strain at steady state conditions (Beve et al., 2005; van de Peppel
et al., 2005). However, gene expression data implicates the Med5 protein in the
regulation of respiratory genes and �med5 cells grow faster than wildtype cells on
non-fermentable carbon sources such as glycerol (Beve et al., 2005).
Med15 was first described as GAL11 in S. cerevisiae as it was required for
growth on galactose-containing medium (Suzuki et al., 1988). Med15 anchors Med2
and Med3 to the tail domain and both subunits are lost from �med15 Mediator (Lee et
al., 1999; Myers et al., 1999). The S. pombe genome contains a Med15 homologue
(gene symbol SPAC146.01) but it has not been established whether this protein
associates with Mediator. However, functional characterisation of a S. pombe �med15
strain links it to the head domain (Paper IV). The mammalian homologue was
originally named ARC105 and has been shown to interact with the SREBP-1a
activator through a specific alpha-helical interaction surface known as a KIX domain
(Yang et al., 2006). Both the mammalian and S. cerevisiae Med15 proteins have been
shown to bind several activators (Table 2).
Med16 was originally identified as a repressor of H O endonuclease
TSF3/SIN4 (Jiang and Stillman, 1992; Sternberg et al., 1987). Since then Med16 has
been identified by genetic means as both a negative and positive regulator of gene
expression (Blumental-Perry et al., 2002; Chen et al., 1993a; Chen et al., 1993b;
Conlan et al., 1999; Covitz et al., 1994; Howard et al., 2001; Jiang and Stillman,
1992; Wang and Michels, 2004; Zhang and Reese, 2004). Deletion of the MED16
gene uncouples the tail domain from the core Mediator (Asturias et al., 1999; Li et al.,
1995). The Med2-Med3-Med15 trimer can associate independently with promoters in
a �med16 strain (Zhang et al., 2004). In metazoans the metazoan-specific subunits
Med24 and Med25 have been shown to associate with Med16, which suggests that
these two subunits are located in the tail domain of metazoan Mediator (Conaway et
al., 2005; Ito et al., 2002).
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1.4.4 The Cdk8 module
The Cdk8 module consists of two larger proteins, Med12 and Med13, as well as the
cyclin-dependent kinase Cdk8 and cyclin C (CycC) (Borggrefe et al., 2002). All four
genes were originally identified as repressors in several genetic screens in S.
cerevisiae (Balciunas and Ronne, 1995; Carlson et al., 1984; Kuchin et al., 1995;
Surosky et al., 1994; Wahi and Johnson, 1995). Mammalian CycC was originally
described in mammalian cells because of its ability to complement yeast cyclins
(Leopold and O'Farrell, 1991; Lew et al., 1991). The Cdk8/CycC pair was
subsequently identified as Mediator-associated factors (Liao et al., 1995). Cdk8 and
CycC had originally been described as SRB10 and SRB11, respectively (Hengartner et
al., 1995). At the same time Cdk8 was described in metazoan cells and the fact that it
associates with CycC (Leclerc et al., 1996; Tassan et al., 1995). Med12 and Med13
were identified in human Mediator although they were not recognised as homologues
of the yeast proteins at the time (Gu et al., 1999). The Cdk8 module in free form has
only been purified from S. cerevisiae so far (Borggrefe et al., 2002).
Cdk8 was shown to phosphorylate the Rpb1 CTD in both S. cerevisiae and
metazoan cells (Hengartner et al., 1995; Leclerc et al., 1996; Sun et al., 1998)
although not to the same extent as Cdk7 (Borggrefe et al., 2002; Pinhero et al., 2004).
Cdk8 has subsequently been shown to phosphorylate the CTD in S. pombe (Spahr et
al., 2003), Arabidopsis (Wang and Chen, 2004) and the slime mould Dictyostelium
discoideum (Lin et al., 2004). There is currently some conflicting views on whether
Cdk8 phosphorylates both serine 2 and 5 or just serine 5 within the CTD heptad
repeats (Borggrefe et al., 2002; Hengartner et al., 1995; Meinhart et al., 2005;
Ramanathan et al., 2001; Sun et al., 1998).
Several non-CTD substrates of Cdk8 have been identified (listed in Table 3).
The majority of these have been identified in S. cerevisiae and most are sequencespecific transcriptional activators. In most cases Cdk8-dependent phosphorylation has
an inhibitory function on these activators (as shown in Fig 4). So far the only case of
stimulating effects on activator function has been described for the galactose-induced
Gal4 transcription factor (Hirst et al., 1999), although the requirement for this
phosphorylation has been contested by others (Larschan and Winston, 2005).
Inactivation of Cdk8 activity, either by complete gene deletion or by disabling the
kinase activity, leads to partial de-repression of the target genes specific to these
activators (Chi et al., 2001; Nelson et al., 2003). The reason seems to be that these
23

Table 3. Non-CTD substrates of Cdk8.
Protein

Description

Site a

Sequence

b

References

S. cerevisiae
(Liu et al., 2004)

Bdf1
Gal4

transcription factor

Gcn4

transcription factor

Med2

Mediator subunit

Msn2
Ste12

transcription factor
transcription factor

Taf2

TFIID subunit

H. sapiens
Cyclin H

TFIIH subunit

Notch
a
b

signal transduction
protein

S699

SPGSVGP

S17

MGFSPLD

T61
T105
T165

KQDTPSN
TDSTPMF
FLPTPYL

S208

AAFSPLT

S261
S451

APESPSQ
FQQSYPN

S5
S304

YHNSSQK
DYVSKKS

(Hirst et al., 1999)
(Chi et al., 2001)
(Chi et al., 2001)
(Chi et al., 2001)
(Chi et al., 2001)
(Hallberg et al., 2004; van
de Peppel et al., 2005)
(Chi et al., 2001)
(Nelson et al., 2003)
(Nelson et al., 2003)
(Liu et al., 2004)

(Akoulitchev et al., 2000)
(Akoulitchev et al., 2000)
(Fryer et al., 2004)

If known.
Phosphorylated residue underlined.

activators are under redundant regulated by several kinases. The amino acid
starvation activator Gcn4 is destabilised by phosphorylation from both Cdk8 and
Pho85 (Chi et al., 2001; Meimoun et al., 2000). Similarly the Ste12 activator is
stabilised in �cdk8 cells but this only results in partial de-repression of its target
genes (Nelson et al., 2003).
The Cdk8 module is thought to act as a general dampener on gene activation.
Cdk8, CycC and Med13 have all been shown to be regulated through posttranslational mechanisms in S. cerevisiae that enables rapid changes of global gene
expression patterns in response to certain stimuli. Cdk8 is known to undergo
regulated proteolysis when S. cerevisiae cells enter stationary phase (Holstege et al.,
1998). As a consequence S. cerevisiae cells that lack active Cdk8 express genes under
steady-state conditions that would normally only be transcribed during stationary
phase entry (Chang et al., 2001; Holstege et al., 1998). Med13 is phosphorylated by
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Figure 4. Regulatory network of the S. cerevisiae Cdk8 module. See text for details.

protein kinase A, which is regulated by the S. cerevisiae Ras pathway (Chang et al.,
2004). The activity level of Ras pathway is in turn regulated by nutrient availability
(Gray et al., 2004) and it was shown recently that protein kinase A associates with
active genes in S. cerevisiae (Pokholok et al., 2006). Cdk8 module mutants cannot
enter normal stationary phase and rapidly lose viability following nutrient deprivation
(Chang et al., 2001).
CycC is temporarily degraded during heat shock (Cooper et al., 1997),
oxidative stress and entry into meiosis (Cooper et al., 1999; Cooper and Strich, 2002).
We have so far not been able to observe a similar mechanism in S. pombe (our
unpublished data). Regulation of CycC stability during oxidative stress in S.
cerevisiae requires the Ask10 protein, which interacts directly with CycC (Cohen et
al., 2003). The Slt2 kinase phosphorylates CycC in response to oxidative stress and
this phosphorylation mediates the degradation of the CycC protein (Krasley et al.,
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2006). Interestingly S. cerevisiae �cycc cells are hyper-resistant to hydrogen
peroxide.
Less is known about the Cdk8 module in metazoan cells. Human Cdk8 has
been shown to phosphorylate the TFIIH-associated cyclin H and thereby represses
Cdk7 CTD-kinase activity (Akoulitchev et al., 2000). This may be a metazoanspecific substrate, as we have not observed Cdk8-dependent cyclin H phosphorylation
in S. pombe (our unpublished data). Cyclin C protein levels appear to be strictly
regulated in mammalian cells as overexpressed CycC is quickly degraded unless
expressed together with Cdk8 (Barette et al., 2001).
The recent completion of both the human and mouse genomes in combination
with standardised purification protocols for mammalian Mediator purification
brought an additional level of complexity to the Cdk8 module problem. There are
duplications of Cdk8, Med12 and Med13 in mammals termed Cdk11, Med12L and
Med13L, respectively. All three have been identified as components of the
mammalian Mediator (Conaway et al., 2005; Sato et al., 2004). This immediately
raises a number of questions. What combinations of Cdk8 module components are
possible in mammalian cells? Are there tissue-specific roles for the Cdk8 module
variants? How does the exact Cdk8 module composition affect the substrate
specificity of either Cdk8 or Cdk11?
Our studies of metazoan expressed sequence tags (ESTs) have so far only
detected duplications of Cdk8 and Med13 in vertebrates but not in other chordates
such as the tunicate Ciona. Med12 appears to be duplicated in mammals only. There
is some confusion concerning nomenclature as there are currently two proteins
referred to as Cdk11 in the literature – the Cdk8 paralogue CDC2-like cyclin
dependent kinase 11 (human GenBank accession NP_055891) and the more distantly
related PITSLRE CDC2-like 1 cyclin dependent kinase (human GenBank accession
AAA19586), which is not part of the eukaryotic Cdk8 clade. In light of the recently
proposed unified nomenclature for Mediator subunits (Bourbon et al., 2004), perhaps
a more suitable name for the Cdk8 paralogue would be Cdk8L. From phylogenetic
analysis (Fig 5) it is clear that it would be misleading to somehow think of the
vertebrate Cdk8 as somehow closer to the non-metazoan Cdk8 than the Cdk11/Cdk8L
protein.
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Figure 5. Unrooted Bayesian tree of eukaryotic Cdk8/Cdk11 sequences. Vertebrate clade
highlighted in black. Numbers denote posterior probabilities of branches after 40,000
generations using a GTR + I + � nucleotide substitution model with a mixed amino acid
replacement model. Sequences were aligned in Clustal W (Thompson et al., 1997), edited in G
Blocks (Castresana, 2000) and analysed in Mr Bayes (Ronquist and Huelsenbeck, 2003). The
GenBank accessions of the sequences used for this analysis are NP_055891, XP_228203,
XP_855153, NP_919389, NP_989246, XP_849851, NP_705827, XP_001061556,
NP_001251, XP_419786, XP_971782, XP_319061, NP_536735, XP_792916, NP_492357,
NP_922902, NP_201166, XP_501702, XP_759278, XP_754225, XP_384660, NP_593389,
NP_015283, XP_568416, XP_647600.

1.5

FUNCTIONAL STATES OF MEDIATOR

It was realised early on that Mediator existed in a number of different forms with
distinct properties and differential subunit composition. Although Mediator was
originally purified together with pol II in a holoenzyme form (Kim et al., 1994;
Koleske and Young, 1994), subsequent work lead to the isolation of Mediator lacking
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pol II as well as the four components of the Cdk8 module (Myers et al., 1998).
However, it was known that the Cdk8 module could associate with Mediator both in
yeast and metazoan cells (Gu et al., 1999; Liao et al., 1995; Liu et al., 2001; Sun et
al., 1998; Taatjes et al., 2002). Subsequent purification of the Cdk8 module from S.
cerevisiae demonstrated that it was indeed a separate entity (Borggrefe et al., 2002).
Very recent structural work on S. pombe Mediator in our lab has been
instrumental in defining the functional states of Mediator. The key to defining the
functional states of mediator was the ability to isolate homogenous preparations of a
particular state. Although it was originally thought from semi-purified S. cerevisiae
Mediator that the Cdk8 module is preferentially associated with the holoenzyme form
(Liu et al., 2001), our work showed the exact opposite. We found that the components
of the Cdk8 module were sub-stoichiometric in relation to core Mediator subunits
(Samuelsen et al., 2003). The advent of efficient affinity-based purification
techniques such as the tandem affinity purification (TAP) tag was the main tool in
achieving homogenous preparations (Puig et al., 2001; Rigaut et al., 1999). Standard
chromatography-based purification schemes had been less selective leading to a
mixed population of Mediator forms (Liu et al., 2001). In the case of S. pombe
Mediator the major break-through was how to selectively include or exclude the
Cdk8 module from core Mediator. Purification of mediator carrying a TAP tag on a
core Mediator subunit lead resulted in a complex that included both pol II and the
Cdk8 module. However, if the tag was placed on a Cdk8 module subunit, amounts of
Cdk8 module subunits were stoichiometric to core Mediator subunits. The crucial
finding was that pol II was completely absent from homogenous preparations of Cdk8
module-containing Mediator (Samuelsen et al., 2003). Conversely, the Cdk8 module
was no longer able to associate with core Mediator in strains where the med13+ gene
had been deleted (Spahr et al., 2003), which allowed the isolation of Mediator that
consistently lacked the Cdk8 module.
Having established protocols for preparing homogenous populations of
Mediator particles, it was possible to apply electron microscopy (EM) to determine
the three-dimensional structures of the different forms of Mediator (Elmlund et al.,
2006). The uranyl acetate staining procedure disrupted association between Mediator
and pol II but did allow structure determination of core Mediator with and without
Cdk8 module to a resolution of 25 Å (Elmlund et al., 2006). The three-dimensional
structure of the holoenzyme form of Mediator was subsequently determined using
cryo-EM of vitrified specimens. From these three structures it was immediately
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obvious why Cdk8 module-occupancy appeared mutually exclusive with pol II
association (Fig 6). Free Mediator, which we renamed S-Mediator (”small”) adopted
a closed conformation with the head and middle domains folded close together. The
association of pol II lead to a significant unfolding of Mediator and the “hinge”
region connecting the head and middle domains was no longer distinguishable, which
is possibly due to flexibility in the structure of the holoenzyme form. The Cdk8
module-bound form of Mediator, which we named L-Mediator (“large”), revealed
that the core Mediator structure was virtually unchanged from the S-mediator form
with little or no unfolding. More importantly the Cdk8 module was located in the
cleft that separated the head and middle domains and thereby keeping the core
mediator in a closed conformation as well as directly blocking pol II-binding. These
data suggests a simple equilibrium model (Fig 6) where the Cdk8 module and pol II
compete directly for binding to S-Mediator. Further work by our lab demonstrates a
role of the CTD in the regulation of this transition. Recombinant CTD, which can
associate independently with Mediator, also has a destabilising effect on Cdk8
module association with the core Mediator (Paper III).
This model has been supported by work in mammalian cells where
homogenous L-Mediator preparations also appear to be devoid of pol II (Conaway et
al., 2005; Malik et al., 2005). EM structures of mammalian L-Mediator have been
described but the structural nature of the Cdk8 module-core complex interaction is
not as obvious (Taatjes et al., 2002). The metazoan-specific Mediator subunit Med26
is of particular interest in this context as it is predominantly found in the S-Mediator
and holoenzyme forms (Conaway et al., 2005; Ryu and Tjian, 1999; Sato et al.,
2004). Originally described as CRSP70, the Med26 protein is homologous to the
Elongin A and TFIIS elongation factors and shares a common domain of known
structure (Booth et al., 2000). This suggests that the Med26 subunit might play a role
in early elongation. It has been observed that Mediator can switch from a form
containing Cdk8 to one that exclusively contains Med26 (Mo et al., 2004). However,
Mediator isolated by affinity purification of Med26 has been shown to contain Cdk8
module components indicating that they are not mutually exclusive (Conaway et al.,
2005; Sato et al., 2004).
There has been a lot of confusion over the states of Mediator. Many believed
that Mediator would always be found in its holoenzyme form and the pre-initiation
complex would be recruited pre-assembled to promoters (Koleske and Young, 1994).
Purification of Mediator lacking detectable amounts of pol II in S. cerevisiae began to
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Figure 6. Equilibrium model of the functional states of S. pombe Mediator.

cast doubt on this theory (Myers et al., 1998). Structural and biochemical
investigations of S. cerevisiae Mediator have shown that despite the high affinity
between Mediator and pol II, the majority of Mediator is found in the S-Mediator
form even if pol II is present in excess (Asturias et al., 1999; Davis et al., 2002;
Takagi et al., 2005). Finally, proof that Mediator could be recruited independently to
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promoters conclusively showed that Mediator exists in free form in vivo as well
(Bhoite et al., 2001; Cosma et al., 2001; Kuras et al., 2003; Park et al., 2001b).
Structural determination of the S. cerevisiae L-Mediator will undoubtedly shed more
light on the functional diversity of Mediator.
The functional states of Mediator also suggest that activators and repressors
might work through modulating stability of different forms of Mediator rather than
simply recruiting Mediator to promoter regions (Ptashne and Gann, 1997). Shifting
the equilibriums of Mediator forms will then determine the amount of transcriptioncompetent Mediator available at the promoter at any one time. There is already some
preliminary evidence of post-recruitment models of activation (Andrau et al., 2006;
Wang et al., 2005), which will be discussed in greater detail in a later section. Highresolution three-dimensional structures of activators and repressors bound to
Mediator will be instrumental in elucidating if such mechanisms exist.

1.6

REPRESSIVE FUNCTIONS OF MEDIATOR

Biochemical studies have firmly established the absolute requirement for Mediator in
gene activation (Flanagan et al., 1991; Kelleher et al., 1990; Mittler et al., 2001;
Oelgeschlager et al., 1998). Yet there is a large volume of genetic data in S .
cerevisiae that implicates the Mediator in gene repression. Global expression analysis
of S. cerevisiae viable Mediator mutants identified two major functional clusters
within the Mediator (van de Peppel et al., 2005). The “activating” cluster (Fig 7,
orange) contain the three tail domain subunits Med2, Med3 and Med15, head domain
subunits Med18 and Med20 as well as middle domain subunit Med31. The
“repressive” cluster (Fig 7, turquoise) contains all four components of the Cdk8
module as well as the core subunits Med1, Med5, Med9, Med16 and Med19.
Bootstrap analysis of the 1,002 genes that change two-fold or more in at least one of
the transcript profiles clearly support this pattern.
The main repressive activity in Mediator is the Cdk8 module. In vitro
transcription studies both in yeast and metazoan cells demonstrated that L-Mediator
will actively inhibit transcription in a dose-dependent fashion (Gu et al., 1999; Spahr
et al., 2003; Sun et al., 1998; Taatjes et al., 2002).
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Figure 7. Functional clusters of S. cerevisiae Mediator subunits. From van de Peppel et al. (2005).
Transcript profiles of the 1,002 genes that change two-fold or more in at least one of the datasets.
Profiles were clustered according to average Pearson linkage in MeV and analysed with 10,000
bootstrap replicates (Saeed et al., 2003). Bootstrap values of each branch is given as a range of trees
with recovered branches as percentages of the total number of trees. The branching pattern and location
of the corresponding subunits within the Mediator activating and repressive cluster is indicated orange
and turquoise respectively. Normalised expression data was kindly provided by Frank Holstege and
Jeroen van de Peppel.
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There are at least three mechanisms of Cdk8 module-dependent repression of
transcription:
1. Steric hindrance of pol II binding to Mediator. EM structures of S. pombe
Mediator particles showed conclusively that the Cdk8 module and pol II compete for
the same binding surface in the cleft between the head and middle domains (Elmlund
et al., 2006) as discussed in the previous section. In addition it was shown that Cdk8
module binding to core Mediator in S. pombe was not dependent on Cdk8 kinase
activity (Elmlund et al., 2006) or even the presence of Cdk8 or CycC (Paper III).
However, data from metazoan cells argue that Cdk8 activity is required for repression
in vitro (Akoulitchev et al., 2000).
2. Inhibitory phosphorylation of CTD by Cdk8. When Cdk8 CTD kinase activity
was first established in S. cerevisiae, it was shown that it could prematurely
phosphorylate the CTD and thereby inhibiting transcription in vitro (Hengartner et al.,
1998). It has previously been shown that Mediator does not associate with the
hyperphosphorylated (IIa) elongating form of pol II (Svejstrup et al., 1997). However,
the role of CTD phosphorylation in Cdk8 module-dependent repression is poorly
characterised in vivo.
3. Inhibitory phosphorylation of transcriptional activators by Cdk8. As described
earlier, the Cdk8 kinase has been shown to target several transcriptional activators
and in the majority of these cases the phosphorylation serves to repress their function
(Chi et al., 2001; Hallberg et al., 2004; Nelson et al., 2003; van de Peppel et al.,
2005). In the case of the S. cerevisiae tail domain subunit Med2, it has been shown
convincingly that the transcriptional effect of deleting the CDK8 gene shows a
significant degree of overlap with a strain carrying a serine-to-alanine substitution on
Med2 that can no longer phosphorylated by Cdk8 (van de Peppel et al., 2005).
There is still some debate over whether the Cdk8 module has a strictly repressive
function. A lexA-Cdk8 fusion protein that is synthetically recruited to a reporter gene
will only function as a repressor in S. cerevisiae if it retains its kinase activity
(Hengartner et al., 1998). All components of the Cdk8 module are required for
induction of the GAL genes in S. cerevisiae (Balciunas and Ronne, 1995; Kuchin et
al., 1995), which may be directly linked to the Cdk8-dependent stimulatory
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phosphorylation of the Gal4 activator (Hirst et al., 1999). In addition the Cdk8
module is also required for the transcription of the SFL1 and NRG1 genes in S.
cerevisiae, both of which code for transcriptional repressors (Kim et al., 2004a).
Cdk8 module components have been shown to be specifically enriched at activated
promoters following induction in both yeast and metazoan cells (Larschan and
Winston, 2005; Wang et al., 2005; Wang et al., 2004b). In addition Cdk8 module
component levels on promoters do not appear to correlate with gene activity in both
S. cerevisiae and S. pombe as will be further expanded on in the next section (Andrau
et al., 2006; Zhu et al., 2006). This would suggest that transitions between LMediator, S-Mediator and holoenzyme are very dynamic. Originally it was thought
that transcriptional repressors would specifically recruit either L-Mediator or even
just the Cdk8 module on its own in order to inhibit activation. The lack of correlation
between activity levels and Cdk8 module occupancy would argue against this.
However, one could imagine that repressors instead could act by either stabilising the
L-Mediator state or alternatively destabilise the holoenzyme state and thereby
favouring the inhibitory form of Mediator. Two recent reports describe a clear switch
in L-Mediator/S-Mediator composition on mammalian promoters. In one case the
metazoan specific PARP-1 coregulator was required for the dissociation of Cdk8
from a retinoic acid receptor bound promoter upon ligand-mediated activation (Pavri
et al., 2005). A second report showed that MAPK-dependent phosphorylation of the
C/EBPß transcription factor turned it from a repressor that interacted with the Cdk8
module to an activator that fails to do so (Mo et al., 2004). Another report showed
that an activator, Gli3, interacted directly with Med12 and that this interaction is vital
to the activation of its target genes (Zhou et al., 2006). At first this would suggest a
stimulatory role for Med12 but removal of the Med12 subunit had a stimulatory effect
on expression, which suggests that the Gli3 activator recruits L-Mediator to its target
promoters via Med12 and then destabilises the Cdk8 module/core Mediator
interaction to promote holoenzyme formation. Med12 has also been shown to interact
with other activators as well (Gwack et al., 2003; Zhou et al., 2002), which could
indicate that some activators could stimulate transcription through sequestration of
the Cdk8 module.
Then what of possible Cdk8 module-independent mechanisms of repression
by Mediator? So far there is no direct evidence for such a mechanism but the EM
structures of yeast Mediator reveals one more possible mode of repression that would
require specific Mediator subunits. It is clear from both the S. cerevisiae and S .
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pombe structures that there is an intermediate step in the transition from S-mediator to
pol II-associated holoenzyme (Fig 6, Fig 8A). S. cerevisiae S-Mediator is a compact
particle and comparison between the S-mediator form and the holoenzyme form
suggests that the tail domain rotates 180° along a molecular “hinge” where the tail
and middle domains meet (Asturias et al., 1999; Davis et al., 2002). What is notable
about this particular region is that it is where the Med16 subunit of the tail domain is
thought to interact with the Med14 subunit of the middle domain (Dotson et al., 2000;
Li et al., 1995). If a hypothetical regulator protein, a repressor, was stabilise the
closed state of S. cerevisiae S-mediator it would follow that it could not bind pol II
yet it could conceivably occupy a promoter and thereby exclude other more active
forms of Mediator (Fig 8C). Both Med14 and Med16 were originally isolated in S.
cerevisiae as repressors (Sakai et al., 1988; Sakai et al., 1990; Sternberg et al., 1987).
Loss of Med16 or truncation of Med14 is known to cause the loss of the three tail
domain subunits Med2, Med3 and Med15 from core Mediator (Li et al., 1995). Yet
the transcript profile of �med16 cells is clearly distinct from that of �med2, �med3
and �med15 (van de Peppel et al., 2005), which suggests that these proteins are able
to act independently of core Mediator. This prediction was confirmed by a study
showing that these three tail domain subunits could be recruited as a separate entity to
promoters by the Gcn4 activator (Zhang et al., 2004). Thus evidence points to a role
of Med14 and Med16 to enable the repression of S-mediator opening but if this
“hinge” region is perturbed, repression is no longer possible.
What of candidates to direct this Med14/16-dependent repression? The TupSsn6/Cyc8 corepressor has been linked with both Med14/16- and Cdk8 moduledependent repression (Conlan et al., 1999; Lee et al., 2000; Zaman et al., 2001; Zhang
and Reese, 2004). The S. cerevisiae dual-function transcription factor Rme1 has been
shown to require functional Med14 and Med16 in order to repress the IME1 gene but
does not require them for activation of its target genes (Blumental-Perry et al., 2002;
Covitz et al., 1994). Another candidate is the Cdk8 module itself. S. pombe structural
data shows that the Cdk8 module keeps the Mediator in a closed conformation in
addition to blocking pol II association (Elmlund et al., 2006). But it is not excluded
that other repressors might target the flexible hinge region opposite the pol II-binding
cleft (Fig 8C) and thereby stabilising the closed S-Mediator conformation. Structures
of S. cerevisiae L-Mediator as well as identification of further Mediator-dependent
repressors will undoubtedly shed light on this issue.
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Figure 8. Hinge-model of Mediator repression. A, The hypothetical transition states between SMediator and holoenzyme. B, Proposed location of a “molecular hinge” in relation to the Med14 and
Med16 subunits. C, Alternative binding surface for a hypothetical repressor.
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1.7

A REVISED MODEL OF POL II DEPENDENT INITIATION CYCLE

Although transcription can be reconstituted in vitro using relatively few factors, the
process is substantially more complex in vivo. As laid out in the previous sections, the
main role of Mediator in the initiation process is to facilitate the activator-directed
recruitment of the general transcription machinery to promoters. In addition the
Mediator plays an essential role comparable to that of the GTFs in the actual
initiation of mRNA synthesis by pol II and it has been proposed that it should
considered a GTF (Takagi and Kornberg, 2006). Originally it was thought that
Mediator was recruited to promoters in a pre-assembled form together with pol II and
the GTF as a holoenzyme (Koleske and Young, 1994). Promoter occupancy
experiments in vivo have showed that Mediator can in fact be recruited separately
prior to pol II binding to the promoter (Bhoite et al., 2001; Cosma et al., 2001; Kuras
et al., 2003; Park et al., 2001b). It has also been shown that Mediator, TFIID, TFIIE
and TFIIH remain bound at the promoter following promoter escape by the pol II
enzyme to act as a scaffold complex and thereby facilitate efficient re-initiation
(Yudkovsky et al., 2000).
Mediator is essential for nearly all pol II-dependent transcription in vivo,
which was first demonstrated for S. cerevisiae by the lab of Richard Young in the
early nineties. They isolated a temperature sensitive alleles of the essential Mediator
subunits Med17 and Med22 in S. cerevisiae that were unable to grow at 37 °C.
Analysis of global mRNA levels showed that practically all transcription had ceased
and most mRNA species were undetectable after one hour at the restrictive
temperature (Holstege et al., 1998; Thompson and Young, 1995). However, it has
been reported that two stress-related genes, CUP1 and SSA1, are not absolutely
dependent on Mediator for transcription in S. cerevisiae (Lee and Lis, 1998; Li et al.,
1999; McNeil et al., 1998). In the case of the CUP1 gene, it has been shown that it
can also be transcribed after thermal inactivation of TFIIB (Li et al., 1999), which
suggests that this gene may be exceptional in its transcription factor requirements.
Despite its central role in the initiation of transcription, Mediator is only one
of several accessory factors that ultimately regulate the rate of successful initiation of
mRNA synthesis by pol II at any specific gene. Mediator is sufficient for activated
transcription of naked DNA templates in vitro but this is not an accurate reflection of
the promoter structure in vivo. Genomic DNA in eukaryotes exists in a proteinassociated form, chromatin, that serve to condense the chromosomes so that they can
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fit within the nuclear compartment of the cell. The DNA-packaging factors of
chromatin are inherently repressive by making the DNA less accessible to DNA
binding proteins like activators and the general transcription machinery. The basic
unit of chromatin is the nucleosome, an octamer of four histone protein dimers that
wraps some 146 basepairs of double stranded DNA around it (Kornberg and Lorch,
1999; Luger et al., 1997). Nucleosomal DNA can then be packaged further into
thicker chromosomal fibres (Hayes and Hansen, 2001). The extent of packaging is
inversely proportional to the activity of the genes.
Chromatin comes in two forms. Genomic regions with genes that remain in a
permanently inactive (silenced) state throughout the cell cycle and that are not
generally accessible to activators are referred to as heterochromatin. In the S.
cerevisiae and S. pombe heterochromatic regions are restricted to the centromeres,
telomeres, regions containing rRNA genes and the mating type loci that determine the
sex of the individual haploid yeast cell (Huang, 2002). In multicellular organisms
silencing of genomic regions is important for the regulation of cellular differentiation
and preventing uncontrolled proliferation.
The other form, euchromatin, denotes regions that are accessible to activators
although the genes within these regions are not necessarily active all the time. Studies
have shown that S. cerevisiae promoter regions are generally nucleosome free
(Sekinger et al., 2005) and that nucleosomes in the vicinity of the transcriptional start
site often have defined positions (Yuan et al., 2005).
A wide array of multiprotein complexes exist in eukaryotic cells to regulate
what regions of the genome will be in the form of heterochromatin or euchromatin.
Some of these complexes covalently modify the nucleosomal histone proteins in
order to designate whether the surrounding genomic region will be active or silenced
– the so-called histone modifying complexes. These complexes attach acetyl-,
methyl-, ubiquitin- or phosphate-groups to exposed parts of the histone proteins.
Another group act antagonistically to remove these modifications. The primary target
of covalent modification lies within the unstructured N-terminal portions of the
histones, which project outwards from the nucleosome and are commonly referred to
as the N-terminal histone “tails” (Luger et al., 1997). Histone-modifying enzymes
target specific residues on these tails and individual modifications are indicative of
the transcriptional state of the surrounding chromatin, what is sometimes referred to
as the “histone code” (Kurdistani et al., 2004; Millar and Grunstein, 2006; Pokholok
et al., 2005). Histone acetylation is the principal determinant of gene activity at
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Table 4. Multiprotein coregulators of initiation at pol II dependent promoters in S. cerevisiae.
Name

General effect on initiation

References

Histone acetyl-transferase (HAT) complexes
TFIID
positive
SAGA
positive
NuA4
positive

(Matangkasombut et al., 2004)
(Wu et al., 2004)
(Doyon and Cote, 2004)

Histone deacetylase (HDAC) complexes
Sin3/Rpd3
negative

(Ekwall, 2005; Keogh et al., 2005)

Chromatin remodelling complexes
RSC
positive/negative
SWI/SNF

positive/negative

Isw1a
Isw1b
Isw2

positive/negative
positive/negative
positive/negative

Corepressor complexes
NC2
negative
Tup1-Ssn6/Cyc8
negative
Ccr4-Not complex
negative

(Cairns et al., 1996)
(Martens and Winston, 2003;
Mohrmann and Verrijzer, 2005)
(Mellor and Morillon, 2004)
(Mellor and Morillon, 2004)
(Mellor and Morillon, 2004)

(Goppelt and Meisterernst, 1996)
(Malave and Dent, 2006)
(Collart and Timmers, 2004)

promoter regions in euchromatin. Histone acetyl-transferase (HAT) complexes are
responsible for the acetylation of histones while histone de-acetylase (HDAC)
complexes remove them (Ekwall, 2005; Roth et al., 2001). Another group of
multiprotein coregulators known as chromatin remodelling complexes move
nucleosomes on the DNA by either sliding it along the DNA or displacing it
altogether as dictated by the chemical marks left on the nucleosomes by the histone
modifying complexes.
There are several other multiprotein complexes of varying size and
complexity that do not fit the two classes above. All of these multiprotein factors,
including the Mediator, can be classified as coregulators and many of them are
required for gene activation and repression on chromatin templates. Coregulators act
at different stages of transcription. The main actors that are known to regulate the
initiation process in S. cerevisiae are summarised in Table 4. This list should be
considered a conservative estimate as the roles of other factors in initiation are still
being investigated. In addition several of these factors also play crucial roles during
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transcriptional elongation. Our understanding of transcription coregulator diversity
and function is still incomplete but what has become clear is that the activation of one
individual gene involves several of these complexes that sometimes act
synergistically and sometimes in opposition depending on the biological context. An
additional layer of complexity is the multitude of signal transduction pathways that
target these coregulators as well as sequence-specific activators themselves and the
components of the pre-initiation complex.
The role of Mediator in this regulatory network is still being elucidated. It is
generally thought that Mediator is mainly responsible for the recruitment of the preinitiation complex and more or less acts as a molecular adapter between activators
and the general transcription machinery. However, recent data suggests novel roles
for Mediator in transcriptional regulation (Andrau et al., 2006; Zhu et al., 2006) as
will be discussed at the end of this section.

1.7.1 Order and mechanism of coregulator recruitment
The first question is the how coregulators and the general transcription machinery is
recruited to an activated gene. As mentioned earlier, it was originally believed that
Mediator mainly existed in its pol II-bound form and thus Mediator recruitment
would always occur simultaneously with pol II – the so-called holoenzyme model of
Mediator recruitment. There is now clear evidence that Mediator can exist in free
form (S-Mediator) in vivo and that the majority of Mediator is found in this state in S.
cerevisiae (Davis et al., 2002; Myers et al., 1998; Takagi et al., 2005). Additionally it
has been shown by several research groups that Mediator can be recruited to
promoters and enhancer elements prior to pol II (Bhoite et al., 2001; Bryant and
Ptashne, 2003; Cosma et al., 2001; Kuras et al., 2003; Park et al., 2001b). More
recently the relationship between Mediator and other coregulators have been
investigated. These studies have made extensive use of inducible genes, i.e. genes
that are normally not active under steady-state conditions but are highly transcribed in
response to specific stimuli.
The GAL1-GAL10 bidirectional promoter in S. cerevisiae is perhaps the best
understood promoter in eukaryotes and the primary model of gene activation in
budding yeast. The GAL1 and GAL10 genes code for enzymes required for the
metabolism of the sugar galactose and are induced several fold in the presence of
galactose but are completely repressed in the presence of glucose (Bhat and Murthy,
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2001; Rolland et al., 2002). Genetic studies have identified several non-essential
Mediator subunits, mainly in the tail domain and the Cdk8 module, as required for
galactose induction (Balciunas and Ronne, 1995; Kuchin et al., 1995; Piruat et al.,
1997; Santos-Rosa et al., 1996). In addition GAL gene activation requires the SAGA
HAT complex (Bhaumik and Green, 2001), TFIID (Li et al., 1999) and under some
conditions the SWI/SNF chromatin remodeller (Burns and Peterson, 1997; Gaudreau
et al., 1997; Krebs et al., 2000). By systematically mutating subunits within these
complexes and assaying the association of the remaining coregulators by chromatin
immunoprecipitation (ChIP) it has been possible to determine the sequence of
recruitment. The Gal4 activator is constitutively bound at the upstream activating
sequence (UAS) located between the GAL1-GAL10 core promoters but its activation
domain is blocked by a repressor, Gal80, in the absence of galactose (Bhat and
Murthy, 2001). If galactose is added to cells grown in medium that only contains nonfermentable carbon sources (the non-induced state of galactose regulation), Gal80 is
sequestered to the cytosol and thereby making the Gal4 TAD available for activation.
The first factor to appear is the SAGA complex, which interacts with the Gal4
activator through its Tra1 subunit (Bhaumik et al., 2004). Mediator is then recruited
shortly afterward (Bryant and Ptashne, 2003; Larschan and Winston, 2005). Studies
have shown that SAGA recruitment is a prerequisite for Mediator binding (Bhaumik
et al., 2004; Larschan and Winston, 2005) although this is contested by others (Bryant
and Ptashne, 2003). Interestingly an as of yet uncharacterised mutant allele of the
Med13 subunit of the Cdk8 module termed srb9-31 or srb9sup can bypass the
requirement for SAGA, or at least mutants that lack the SAGA subunit Spt20, which
is normally required for SAGA and subsequently Mediator recruitment to the GAL1GAL10 UAS (Larschan and Winston, 2005). Disruption of TFIID, TFIIB or pol II
itself did not significantly affect either SAGA of Mediator recruitment indicating that
these factors are all downstream (Bhaumik et al., 2004; Kuras et al., 2003; Larschan
and Winston, 2005). Finally the SWI/SNF remodelling complex is recruited. The
SWI/SNF complex requires Mediator for the initial recruitment step but once
recruited it will remain associated with the promoter even if the Mediator is thermally
inactivated (Lemieux and Gaudreau, 2004). Curiously SWI/SNF can be recruited in
the absence of SAGA (Lemieux and Gaudreau, 2004), which is in conflict with the
finding that SAGA is required for efficient Mediator recruitment to the GAL1-GAL10
UAS – the prerequisite of SWI/SNF binding (Bhaumik et al., 2004; Larschan and
Winston, 2005). We do not have the full picture of the sequential GAL gene induction
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and a step-wise model of recruitment may be a poor reflection of what goes on at the
promoter in vivo. The studies of GAL gene induction have been hampered by inherent
limitations of the ChIP technology, the lack of standardisation for experiments
between different research groups and the fact that no group has systematically
measured the binding profiles of all the coregulators and the general transcription
machinery. In addition, more regulators of GAL gene transcription are still being
discovered. Some SAGA components are dispensable for GAL gene induction if the
Tup1-Ssn6/Cyc8 coreprepressor is inactivated (Papamichos-Chronakis et al., 2002).
This may be how Mediator recruitment becomes independent of the SAGA complex
in cells carrying the MED13 srb9sup allele as the Cdk8 module has been shown to
interact with the Tup1-Ssn6/Cyc8 repressor (Zaman et al., 2001). Recently it was
reported that the elongation factor TFIIS/Dts1 is recruited to the GAL1-GAL10 UAS
following SAGA and Mediator but prior to TBP and pol II binding (Prather et al.,
2005).
Studies of other inducible S. cerevisiae genes identify the same general
requirement for coregulators to allow activation but their dependence each other
appears to be determined by the specific promoter context. Met4-regulated genes that
are involved in methionine metabolism also require the Med2-Med3-Med15 triad of
tail domain subunits for Mediator recruitment but not the SAGA complex (Leroy et
al., 2006). Gcn4-regulated genes also require the tail domain subunits Med2, Med3
and Med15 for activation but is less dependent on the middle and head domains
(Natarajan et al., 1999; Qiu et al., 2004; Zhang et al., 2004). In agreement with the
GAL genes, Gcn4-regulated genes also require Mediator binding before recruitment
of the SWI/SNF complex (Yoon et al., 2003).

1.7.2 Occupancy versus gene activity and post-recruitment mechanisms of
activation
The ChIP technique allows quantification of the association between proteins and
their associated DNA elements. Whole-genome ChIP array methods, so-called ChIPon-chip, has allowed the simultaneous measurement of genome binding of several
coregulators involved in transcriptional initiation. Earlier experiments done on
inducible genes had clearly shown that Mediator, TBP and pol II occupancy at the
UAS and core promoter was directly proportional to the increase in transcript level
(Fan et al., 2006; Li et al., 1999). This was in line with the recruitment model of
transcriptional regulation whereby the rate of initiation and therefore mRNA levels
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would be determined solely by the rate of coregulator recruitment and subsequent
PIC assembly (Ptashne and Gann, 1997). This pattern had already been observed for
the global promoter occupancy profiles of the SAGA and NuA4 HAT complexes in
S. cerevisiae (Robert et al., 2004). Therefore it was very surprising when global
localisation studies S. cerevisiae Mediator found that it was associated with most
promoter regions irrespective of gene activity and that their occupancy levels were
not correlated with transcript levels (Andrau et al., 2006), which is analogous to the
binding profile of the essential chromatin remodelling complex RSC (Robert et al.,
2004). A similar study in S. pombe by our lab found positive correlation of Mediator
occupancy up to a certain transcript level after which Mediator enrichment no longer
increased at promoters of the genes with the highest expression levels (Zhu et al.,
2006). In addition the Cdk8 module has found to be associated with most genes in
both S. cerevisiae and S. pombe irrespective of gene activity (Andrau et al., 2006;
Zhu et al., 2006). Even more controversial was the finding in S. cerevisiae that even
though pol II occupancy within coding regions was correlated with transcript levels,
pol II occupancy at the promoters was not (Andrau et al., 2006).
There is currently much dispute over this lack of correlation between gene
activity and Mediator/pol II promoter occupancy in S. cerevisiae, as these new
findings seem to be in direct conflict with a large volume of data from inducible
genes (Fan et al., 2006). However, one could interpret these data as evidence that
there is in fact at least two classes of pol II-dependent genes in yeast with differential
coregulator requirements. The first class would be the non-inducible “housekeeping”
genes that do not show a proportional coregulator and pol II occupancy at the
promoter in relation to the mRNA levels. The second class would then consist of the
“inducible” genes that were originally chosen for occupancy studies because of their
ability to be switched on and off. Many of these genes are activated in response to
environmental stress (Chen et al., 2003; Fan et al., 2006). During many forms of
stress, yeast cells transiently change their transcriptional programs so that large
number of proteins with protective functions are synthesised in a short time-span at
the same time as many highly expressed housekeeping genes are briefly downregulated (Chen et al., 2003; Warner, 1999).
Such a classification scheme is supported by real time imaging of inducible
genes in individual cells (Cabal et al., 2006; Taddei et al., 2006). These studies
showed that inducible gene loci move randomly in the nucleus in the non-induced
state but become localised to the nuclear pores upon induction, possibly to facilitate
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more efficient mRNA export. Similar dynamics were generally not observed with
housekeeping genes that are highly transcribed during steady-state conditions (Susan
Gasser, personal communication). The SAGA complex has been shown to interact
specifically with nuclear pore complexes via its Sus1 subunit (Rodriguez-Navarro et
al., 2004) and mutational analysis indicates that the SAGA complex is mainly
required for the expression of inducible genes (Huisinga and Pugh, 2004). Hence the
observed correlation between SAGA promoter occupancy and the expression levels
of the inducible set of genes that require it (Robert et al., 2004) is a reflection of its
role as a specialised coregulator. The dramatic enrichment of Mediator at the
promoters of inducible genes could similarly reflect some alternative mechanism of
activation, where the rate of coregulator recruitment does become limiting for the
frequency of transcriptional initiation.
The finding that Mediator occupancy does not correlate with gene activity
argues for post-recruitment regulation of initiation. As discussed in the previous
sections, Mediator requires at least two conformational steps in order to allow pol II
binding – (1) Cdk8 module dissociation from the core Mediator (but not necessarily
from the actual promoter region) and (2) opening of the S-Mediator form to expose
the pol II-binding cleft. Thus it is conceivable that Mediator can be bound to the
majority of promoters but held in an inactive conformation by repressors or posttranslational modifications from effectors of signal transduction pathways.
Indications of post-recruitment regulation of Mediator for gene activation have been
reported from ChIP experiments in mammalian cells (Wang et al., 2005).
Perhaps the most cryptic finding was the detection of Mediator occupancy
within the coding region of genes in both S. cerevisiae and S. pombe (Andrau et al.,
2006; Zhu et al., 2006). The level of Mediator occupancy was not correlated to gene
activity in either yeast. It was also shown that Mediator, but not other PIC
components, could be enriched at certain positions within the coding region of
inducible genes in both S. cerevisiae and S. pombe (Zhu et al., 2006). This would
argue against cryptic initiation sites within genes and argue for a de facto
physiological role of Mediator in post-initiation regulation of gene activity. One
possibility is that the Mediator acts as a scaffold within the gene much like it does at
the promoter (Yudkovsky et al., 2000), which may influence pol II elongation
processivity. It has been shown that S. cerevisiae genes form loops so that promoter
and terminator regions are in close proximity in three-dimensional space (O'Sullivan
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et al., 2004). Mediator may play a role in this kind of structural organisation of genes
but further studies will be required to shed light on this phenomenon.

1.8

THE ROLE OF METAZOAN MEDIATOR IN EMBRYONIC
DEVELOPMENT AND CANCER

The central role of Mediator in transcriptional regulation is reflected by its
requirement for proper embryonic development in metazoan organisms. Mediator
subunits have been implicated in several developmental signalling pathways in a
developmental context including Nodal, Sonic Hedgehog, Wnt and Ras signalling
(Kato et al., 2002; Kim et al., 2006; Lin et al., 2006; Moghal and Sternberg, 2003;
Zhang and Emmons, 2000; Zhou et al., 2006). Homozygotic null alleles of Mediator
subunits are consistent with embryonic lethality but many are not essential for cell
viability. There seems to be good correlation between the absolute requirement of
essential subunits between yeast and metazoan cells. A murine homozygous Med21
mutant does not produce any viable cells (Tudor et al., 1999). Similarly null alleles of
Med6 and Med17 do not produce viable cells in Drosophila (Boube et al., 2000; Gim
et al., 2001). RNA interference (RNAi)-mediated knockdown of Med7, Med10,
Med11, Med14, Med17 and Med26 in Drosophila SL2 cells lead to decreased
expression of house-keeping genes, which suggested that all these factors were
essential for cell viability (Kim et al., 2004b). Similarly RNAi of Med14 in C.
elegans cells was indistinguishable from a pol II knockdown (Shim et al., 2002).
Several conditional alleles of presumably essential subunits have also been described.
Mutations of C. elegans Med6, Med7 and Med10 all caused embryonic lethality
(Kwon et al., 2001; Kwon et al., 1999). One mutant allele of Med10 has specific
effects in cardiac development in zebrafish (Lin et al., 2006; Stainier et al., 1996).
Many of the observed effects in metazoan Mediator mutants are most likely
due to disrupted interactions between Mediator and developmental activators. The
role of the Med1 subunit as a central activator-interface in the metazoan Mediator is
reflected by the great number of defective activator-dependent processes in murine
Med1-/- cells. Thyroid signalling and erythropoesis is impaired due to loss of Mediator
interaction with the thyroid receptor and GATA-1 activators, respectively (Ito et al.,
2000; Stumpf et al., 2006). Med1 is also required for the expression of PPAR�2dependent genes in adipogenesis but is dispensable for MyoD-directed myogenesis
(Ge et al., 2002), which demonstrates the differential subunit specificities of various
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activators. Med1+/- mice are viable but start to display retarded growth and defective
thyroid physiology soon after birth (Ito et al., 2000). Med14, Med24 and Med27 all
have different roles in zebrafish retinal development (Durr et al., 2006) that may
reflect the variation in coregulator requirements of individual activators. Med15 has
been shown to interact with the lipogenic transcription factors SBP-1 and NHR-49 in
C. elegans to regulate fatty acid homeostasis (Taubert et al., 2006; Yang et al., 2006).
Consequently RNAi of Med15 leads to loss of body fat. The complete removal of the
Med23 subunit causes pleotropic effects in murine cells due to disrupted activatorMediator interactions (Stevens et al., 2002). Mediator in cells lacking the Med24
subunit no longer contains Med16 and Med23 thus automatically conferring impaired
expression of several genes such as the stress-induced metallothionein II (Ito et al.,
2002). Med24 has also been shown to be required for neuronal development in
zebrafish (Pietsch et al., 2006). Med29 was originally identified as the intersex (ix)
regulator of sexual development in Drosophila (Baker and Ridge, 1980; Chase and
Baker, 1995). Different mutant alleles of the Med29 gene have effects on various
aspects of Drosophila sexual development including sex determination, male fertility
and even sexual behaviour (Acharyya and Chatterjee, 2002; Garrett-Engele et al.,
2002). The wildtype protein has been shown to interact directly with the femalespecific form of the doublesex trancription factor, DSXF (Garrett-Engele et al., 2002).
Hence in some Med29 mutant alleles phenotypes are only observed in females.
Many studies have demonstrated the overlapping roles of Med12 and Med13
in the proper establishment of tissues and cell types in several metazoan species
including C. elegans (Moghal and Sternberg, 2003; Wang et al., 2004a; Yoda et al.,
2005; Zhang and Emmons, 2000), Drosophila (Janody et al., 2003; Treisman, 2001)
and zebrafish (Hong et al., 2005; Wang et al., 2006). Some of these effects may also
be due to broken interactions between activators and the Cdk8 module. For instance it
has been shown that Med12 interacts with the Sox9 factor in mammalian cells and
that Sox9-dependent transcription of the lim1 and zash1a genes is impaired in
zebrafish Med12 mutants (Wang et al., 2006; Zhou et al., 2002). Med12 is also
required for Sox9-dependent development of neural and cartilaginous tissues (Rau et
al., 2006). The role of the Cdk8 module as a global repressor in yeast suggests that it
could also play a similar role in cellular differentiation. Just as Cdk8 mutants in yeast
display a partially de-repressed stress-response, a defective Cdk8 module in metazoan
embryonic development may lead to the premature expression of certain genes.
Knockdown of Med12 stimulates the expression of Gli3-regulated genes in
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mammalian cells (Zhou et al., 2006). Genetic studies in human populations have
linked Med12 and Med13L to DiGeorge syndrome and transposition of the great
arteries (TGA), respectively (Muncke et al., 2003; Philibert et al., 1998).
The Cdk8 module has also been implicated in senescence and carcinogenesis.
Cyclin C was found to be overexpressed (in part due to gene amplification) in colon
adenocarcinomas and correlates with an unfavourable prognosis (Bondi et al., 2005).
This agrees with the recent finding that increased CycC levels promotes G0 exit in
mammalian cells (Ren and Rollins, 2004).
Mediator subunits also play a role in cellular differentiation and proliferation
in other multicellular eukaryotes. Cdk8 is required for specification of stamen and
carpel identities in Arabidopsis (Wang and Chen, 2004) and proper differentiation of
the fruiting body of the slime mould Dictyostelium (Lin et al., 2004). An overexpression allele of Med14 in Arabidopsis represses cell proliferation leading to
dwarf plants with abnormal floral structures (Autran et al., 2002).

1.9

EVOLUTIONARY CONSERVATION OF MEDIATOR

Originally thought as being unique to yeast, Mediator is now established as a central
conserved regulator of gene expression in metazoans and fungi. Less is known about
Mediator conservation in other eukaryotic groups. Mediator has only been purified
from yeast and metazoan cells to date. Phylogenetic analysis has revealed that
metazoans and fungi are each other’s closest relatives on the eukaryotic tree and form
the branch Opisthokonta together with choanoflagellates and microsporidians
(Baldauf and Palmer, 1993; Baldauf et al., 2000; Steenkamp et al., 2006). This raises
the question whether the degree of subunit conservation within the Opisthokonta is
representative of the remaining branches of the eukaryotic tree (Baldauf, 2003;
McGrath and Katz, 2004; Simpson and Roger, 2004).
Bioinformatic analysis of Mediator subunit homologues have demonstrated
that Mediator may well be found in other eukaryotic kingdoms as well (Boube et al.,
2002). Cdk8 homologues with demonstrated CTD specificity have already been
described in plants and amoebozoans (Lin et al., 2004; Wang and Chen, 2004).
Phylogenetic analysis of the three transcription-associated cyclin-dependent kinases –
Cdk7 in TFIIH, Cdk8 in Mediator and Cdk9 in the elongation factor pTEFb, has
shown a correlation between the presence of these kinases and the canonical
heptapeptide repeat of the Rpb1 subunit of pol II (Guo and Stiller, 2005). This group
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Figure 9. Evolutionary conservation of Mediator. A , Unrooted cladogram of the main
eukaryotic groups based on available phylogenetic data (Baldauf et al., 2000). The recently
proposed position of the root is indicated (Stechmann and Cavalier-Smith, 2002). The
conservation of Mediator subunits is indicated by their numbers only except for Cdk8.
Homologues were assigned either through PSI-BLAST (inclusion threshold E = 0.0001) or
TBLASTN searches against EST sequences (E-value threshold 0.0001) in GenBank. B,
Multiple sequence alignment of eukaryotic Med6 orthologues. 80% of sequence characters at
one position must agree for shading. The Cyanidioschyzon merolae sequence (CMT286) was
retrieved from http://merolae.biol.s.u-tokyo.ac.jp/. The Naegleria gruberi sequence (61462)
was retrieved from http://genome.jgi-psf.org/Naegr1/Naegr1.home.html. Remaining sequences
(NP_001016292, NP_504791, NP_593503, XP_965884, XP_955171, NP_702554,
XP_638621,NP_188772, EAY20760) were retrieved from GenBank.

of eukaryotes, which includes the “higher eukaryotes” i.e. metazoans, fungi and green
plants, are referred to as the CTD clade (Guo and Stiller, 2004). The remaining
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groups consist of strictly unicellular eukaryotes, many of them important human
pathogens such as Giardia, Toxoplasma, Trichomonas, Entamoeba and the malaria
parasite Plasmodium. The Rpb1 proteins of these organisms lack the conserved
heptad repeats (Stiller and Hall, 2002). Some have repeat structures, some simply
have C-terminal extensions without obvious repeats and some even lack a C-terminal
extension. As the CTD plays such a crucial role in Mediator function, is quite
surprising to find unambiguous homologues of Mediator subunits in these distant
eukaryotic groups (Fig 9A). The highest degree of conservation is found in the
homologues of the proteins Med6 and Med31 (Fig 9B, Paper I). A bioinformatic
survey of non-opisthokont branches of the eukaryotic tree at the time of writing this
thesis revealed that several Mediator subunits are conserved throughout the
eukaryotic kingdom. It was possible to detect putative orthologues of Mediator
subunits in amongst both protein and EST sequences in most eukaryotic groups
(representative genera in brackets): Amoebozoa (Dictyostelium, Entamoeba),
Streptophyta (Arabidopsis, Oryza), Chlorophyta (Chlamydomonas, Ostreococcus),
Glaucophyta (C y a n o p h o r a ), Rhodophyta (Cyanidioschyzon), Heterokonta
(Phytophthora), Ciliophora (Tetrahymena), Apicomplexa (Cryptosporidium,
Plasmodium, Thelleira), Heterolobosea (Naegleria), Diplomonadida (Giardia) and
Parabasala (Trichomonas). The only group in which we have so far been unable to
detect Mediator homologues is the Euglenozoa, which is mainly represented by the
two pathogens Leishmania and Trypanosoma in the sequence databases.
The fact that there are clear Mediator subunit homologues in the majority of
eukaryotic groups argues that a number of Mediator proteins may be universal to all
eukaryotes. This raises the question whether Mediator, or a complex analogous to
Mediator that contains at least the Med6 and Med31 proteins, is also universal to
eukaryotes. The exact topology and the location of the root of the eukaryotic tree are
still unresolved (Baldauf, 2003; Simpson and Roger, 2004). It was originally thought
that the Diplomonadida and Parabasala were the first group to branch off from the
eukaryotic tree (Baldauf et al., 2000; Stiller and Hall, 2002). However, the early
branching of Giardia (Diplomonadida) was recently been challenged (Knight, 2004;
Tovar et al., 2003) and it has even been suggested that Opisthokonta was the first
group to diverge (Stechmann and Cavalier-Smith, 2002). Such a scenario seems very
exciting as the high number of Mediator subunit homologues in green plants, such as
Arabidopsis (Fig 9A), would imply that these subunits represent the ancestral state
rather than subunits acquired later in evolution. This also suggests that a high degree
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of gene-loss or rapid sequence divergence occurred for the majority of Mediator
subunits in the remaining “atypical” eukaryotes. The transcription apparatus of
unicellular eukaryotes such as Giardia is highly divergent from that of the CTD clade
(Campbell et al., 2003; Vanacova et al., 2003) and so it will be interesting to see in
what form Mediator is found in these organisms.
A footnote to the proposed universal conservation of Med6 and Med31 in
eukaryotes is that no homologue has been detected in the other two kingdoms of life –
the Bacteria and the Archaea. Thus it appears these Mediator subunits are not only
universal but also unique to eukaryotic cells – so-called eukaryotic signature proteins
or ESPs (Fedorov and Hartman, 2004; Hartman and Fedorov, 2002). This is in
contrast to the eukaryotic RNA polymerase, which is clearly related to its prokaryotic
counterparts. In addition some of the general transcription factors such as TBP, TFIIB
and the alpha subunit of TFIIE have homologues in the Archaea (Baumann et al.,
1995; Ouhammouch, 2004), the prokaryotic domain generally thought to be closest to
eukaryotes. A number of core Mediator proteins seem to have appeared some time
early in eukaryotic evolution just after the split from the Archaea but before the great
eukaryotic divergence.

1.10 FUTURE PERSPECTIVES
It is now over twenty years since the first reports of regulatory genes that were later
found to be components of Mediator (Baker and Ridge, 1980; Carlson et al., 1984).
We have known the true nature of Mediator as a multi-subunit regulator of
transcription for over ten years (Kim et al., 1994). Still many very fundamental
questions about the mechanisms of Mediator functions remain unanswered.
The functional links between Mediator and the pol II CTD were described
some time ago (Nonet and Young, 1989; Thompson et al., 1993) yet we still have a
poor understanding of the exact nature of this interaction. EM structures of the
mammalian Mediator complex in association with recombinant CTD were not as
informative as one would have hoped (Naar et al., 2002). Although conformational
changes in the Mediator complex were observed, these were not sufficient to explain
the nature of this interaction. It is still not known what subunit or subunits are
responsible for the CTD interaction. The subunits that were originally identified as
dominant suppressors of CTD truncation-mediated lethality in S. cerevisiae would
appear to be good candidates for such an interaction surface. Resolving this issue will
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undoubtedly require high-resolution EM structures of holoenzyme particles where the
CTD can be unambiguously assigned. Such studies may also reveal the exact
mechanism and structural context of the Mediator-dependent stimulation of Cdk7
hyperphosphorylation of the CTD.
The Cdk8 kinase is now known to play a variety of roles in both repression
and activation in a number of eukaryotic species. Currently we only know of
transcription factor substrates of Cdk8 phosphorylation in S. cerevisiae but there will
likely be several more in other eukaryotes. We still do not know the full range of
Cdk8 substrates in any one eukaryotic species. The S. cerevisiae activators Gal4,
Gcn4, Msn2 and Ste12 are all well characterised and their identification as Cdk8
substrates were due to a direct investigation into whether they would be targets of
Cdk8 phosphorylation or not (Chi et al., 2001; Hirst et al., 1999; Nelson et al., 2003).
This success rate should encourage a more systematic proteomics approach to
identifying further substrates of Cdk8 in S. cerevisiae as well as other eukaryotes. The
recent identification of the Cdk8-like Mediator associated Cdk11 kinase in
vertebrates raises the interesting possibility of differential substrate specificities and
different roles in cell proliferation and differentiation (Sato et al., 2004).
It is clear that Mediator plays a very central role in the differentiation and
proliferation of tissues in multicellular organisms. However, the specific roles of
Mediator in individual pathways have only been determined in a few cases (Ge et al.,
2002; Ito et al., 2000; Taubert et al., 2006; Yang et al., 2006). To fully understand
Mediator function in a multicellular context, it is important to address its function
from the perspective of its role as a integrator of gene regulation. This will require the
identification of activator-specific interaction surfaces within the Mediator and the
effects of their disruption. The majority of mutant alleles described to date have very
broad phenotypes that are likely caused by defective regulation of several pathways
simultaneously, which only allows the assignment of casual links between distinct
developmental pathways and Mediator.
Signal transduction pathways are central to development and tissue
differentiation in multicellular eukaryotes and crucial to the ability of rapid responses
to changes in the external environment of unicellular eukaryotes. However, our
knowledge of how signal transduction pathways affect Mediator function is limited.
We know that the S. cerevisiae Ras pathway targets the Med13 subunit through
protein kinase A in response to nutrient levels (Chang et al., 2004) and that the Slt2
stress-activated kinase regulates CycC stability in response to oxidative stress
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(Krasley et al., 2006). It is clear from several studies that the protein levels of several
Cdk8 module components are directly regulated both in yeast (Cohen et al., 2003;
Cooper et al., 1997; Cooper et al., 1999; Cooper and Strich, 2002; Holstege et al.,
1998; Krasley et al., 2006) and in metazoan cells (Barette et al., 2001; Kim et al.,
2006) but what pathways that control their stability and the effectors of these
pathways remain to be characterised.
In summary, it was only very recently that the universal conservation of
Mediator in eukaryotes was accepted. Despite this harmonisation many researchers
still approach Mediator function from a highly organism-specific viewpoint and seem
reluctant to integrate findings from other more divergent model systems. Although
the Mediator clearly has very unique and specific roles in every individual eukaryotic
system, in hindsight the great majority of the fundamental principles that govern
Mediator function appear conserved.
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AIMS OF THIS THESIS
At the start of this project it was still unclear to what degree Mediator subunits were
conserved between mammalian cells, S. cerevisiae and S. pombe. The outline of the
investigation was to compare biochemical and functional properties of Mediator from
S. cerevisiae and S. pombe in order to determine the extent to which (1) the subunit
organisation and (2) the functional roles of individual subunits were conserved.
The first aim involved the systematic purification of Mediator from strains carrying
mutations in different subunits in both S. cerevisiae and S. pombe. We then identified
subunits that would depend on other subunits for their association with Mediator. We
would then correlate this architectural data with known structures as well as
functional links that were indicative of structural relationships within the complex.
The second aim involved finding pathways in S. pombe that required specific subunits
for their proper regulation. In this type of analysis we relied on characterisation of
Mediator mutant phenotypes, such as cellular morphology, sensitivity to
environmental stress and changes in global transcript level as assayed by microarray
hybridisation. We benefited greatly from the large amount of work that had already
been done in S. cerevisiae. Specifically several Mediator-dependent pathways had
already been described in S. cerevisiae, which allowed for convenient comparison.
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RESULTS AND DISCUSSION
PAPER I
At the start of this project the Med31 protein had been identified as a stable
component of metazoan Mediator (Gu et al., 1999; Park et al., 2001a) but had so far
not been identified as a Mediator subunit of either S. cerevisiae or S. pombe. A
number of observations made us suspect that Med31 was in fact a Mediator subunit
but had avoided detection. The first observation was the remarkable degree of
conservation of the Med31 protein in the eukaryotic kingdom. It had been argued by
others that the inclusion of Med31 into the metazoan Mediator had been a fairly
recent evolutionary event but this seemed unlikely based on the remarkable degree of
conservation in this protein family. The second observation was that Med31
temperature sensitive mutants in S. pombe displayed an identical hyphal growth
phenotype to that of cells mutated in either Med8 or Med18 subunits (Szilagyi et al.,
2002; Zilahi et al., 2000). The third reason for thinking that Med31 may have
remained undetected was the inherent difficulty of identifying small (< 30 kDa)
protein with mass spectrometric methods. As Med31 in both yeasts would have
overlapped with several other Mediator subunits on one-dimensional gel
electrophoresis (Gustafsson et al., 1998; Spahr et al., 2001), the opportunity to detect
a clear mass fingerprint spectrum was not possible. In addition the S. cerevisiae
Med31 contains only three trypsin cleavage sites, which would make a statistically
significant hit using a mass peptide fingerprint very difficult (Guglielmi et al., 2004).
We therefore chose to address the presence of Med31 in the Mediator
complex of S. cerevisiae and S. pombe directly by specific immunodetection. A Cterminal FLAG tag was fused to the S. cerevisiae Med31 protein, which allowed us to
unambiguously identify it as a bona fide stable component of S. cerevisiae Mediator.
In the case of S. pombe we chose to raise a poly-clonal antibody against recombinant
S. pombe Med31 protein and thereby confirm the presence of Med31 in purified S.
pombe Mediator.
We then addressed the extent of Med31 homologue conservation in
cellular organisms. The striking degree of sequence conservation of Med31
homologues allowed us to unambiguously assign homologues in many distant
eukaryotic groups, which argued that Med31 is likely to be found in most if not all
eukaryotes. Notably we were unable to detect any likely Med31-related sequences in
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the Bacteria or Archaea, which suggests that this protein originated after the origin of
the eukaryotic branch of life. We also found that the Med31 predated the origin of the
conserved heptad repeat in the pol II CTD (Guo and Stiller, 2005; Stiller and Hall,
2002) that indicated a fundamental role in gene regulation.
The sequence conservation was restricted to a central motif of some 69-70
amino acids with several hyperconserved aromatic residues. We addressed the role of
this motif in Mediator association in S. cerevisiae by deleting smaller regions within
and outside the Med31 motif. We found that although the motif was required for
stable Mediator association, it was not in itself sufficient for binding to the complex.
S. cerevisiae Med31 was identified as stable Mediator subunit independently
by the Werner lab (Guglielmi et al., 2004) and they found that Med31 interacts
specifically with the highly conserved Med10 and Med21 subunits of the middle
domain.

PAPER II
In the mid-nineties the lab of Richard Young isolated a temperature sensitive allele of
the essential Mediator subunit Med17 in S. cerevisiae. The allele, which they called
srb4-138, caused all pol II dependent transcription to cease when the mutant cells
were shifted to 37°C (Thompson and Young, 1995). This allele was the first clear in
vivo evidence of the central importance of Mediator for the transcription of the vast
majority of protein-coding genes. A more detailed analysis of the expression changes
by the Young lab showed that the srb4-138 allele was nearly indistinguishable from a
pol II temperature sensitive allele, rpb1-1, which also abolishes all mRNA synthesis
at the non-permissive temperature (Holstege et al., 1998).
We wished to investigate the structural basis for the global shutdown of pol IIdependent transcription in the S. cerevisiae MED17 temperature sensitive allele srb4138. We purified Mediator from cells carrying the srb4-138 allele and found that the
complex consistently broke apart at the head/middle domain boundary. This
instability was independent of the temperature at which the cells were cultured.
Curiously we found that the two fragments co-purified with pol II independently of
each other. ChIP analysis of the GAL1-GAL10 UAS following induction showed that
the Mediator complex dissociates into at least two fragments at the promoter as well.
The head domain as assayed by affinity-tagged Med18, appeared completely lost
while residual amounts of the middle and tail domains remained bound. Thus it
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appears that the global shutdown of transcription in srb4-138 cells at the nonpermissive temperature is caused by dissociation of the head domain from the
remaining core Mediator complex.
In the course of this work the Kornberg lab published two reports directly
relating to the phenotypes of the S. cerevisiae srb4-138 allele. In the first publication
(Takagi and Kornberg, 2006) the exact nature of the srb4-138 allele was characterised
and show to be the result of several point mutations along the MED17 gene. The
authors were able to purify srb4-138 Mediator without dissociating the head domain
by applying a very mild purification protocol.
In their second work (Takagi et al., 2006) the authors also investigated
binding of srb4-138 Mediator to the GAL1-GAL10 UAS through ChIP of affinitytagged Med14, Med15 and Med22. Their conclusion was that Mediator was lost
entirely from the promoter region. These conflicting conclusions can be traced to
differences in experimental setup. We specifically addressed enrichment upon
addition of galactose to cells grown in raffinose and using the non-induced cells as a
reference. Takagi and colleagues performed their analysis in cultures grown
continuously in galactose and measured occupancy as percentage recovery of input.
In addition different subunits were assayed for promoter occupancy, which could be
affected in different ways by heat shock. We are confident that our data clearly
indicates a stable association of Med7 with the UAS after heat shock in srb4-138
cells. In support of our conclusion it has also been shown that Med15 can still be
enriched at the GAL1-GAL10 UAS after 45 minutes at 37°C – although the authors
interpret the decrease in enrichment as compared to non-heat shocked cells as a loss
of Mediator (Lemieux and Gaudreau, 2004). This glass half-full/half-empty dilemma
stems from the inherent limitation of the ChIP technique of being unable prove the
absence of DNA binding.
The Young lab had described a number of extragenic suppressors of the srb4138 allele that did allow growth at 37°C (Gadbois et al., 1997; Lee et al., 1998). Two
of these suppressors were gain-of-function alleles of the head domain subunits Med6
and Med22 (Lee et al., 1998). These mutations may cause stabilisation of the srb4138 allele. It would be informative to address srb4-138 Mediator stability under the
same conditions from these suppressor strains to determine whether these alleles
prevent head module dissociation in vitro and in vivo.
Loss-of-function alleles of the two negative regulator complexes NC2 and
Ccr4/Not were also found to suppress both the ts phenotype and the global decrease
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of mRNA levels in srb4-138 cells at 37°C (Gadbois et al., 1997; Lee et al., 1998).
The question is whether srb4-138 Mediator purified from these strains would be
stabilised or whether these mutations instead compensate for the decreased stability
of Mediator in vivo. If the second alternative proves to be the case then this would
indicate that both NC2 and Ccr4/Not actively antagonise the Mediator in some way.
Curiously the Ccr4/Not complex was found to have a weak stimulatory effect on
transcription in vitro that was roughly additive with Mediator (Takagi and Kornberg,
2006). Functional links between these coregulator complexes are still poorly
characterised.

PAPER III
S. pombe has been a valuable tool in elucidating the role of the Cdk8 domain in
Mediator function. Using the S. pombe system we were able to determine the
structures of the three main functional states of Mediator – the Cdk8 module-bound
L-Mediator, the core S-Mediator and the pol II/Mediator holoenzyme (Elmlund et al.,
2006). This was made possible through methods of obtaining highly homogenous
preparations of all three forms, which has so far not been accomplished in either S.
cerevisiae or mammalian cells. The most striking finding of the structure was the
ability of the Cdk8 module to compete for the same binding pocket as pol II and
thereby providing a very simple steric model of the repressive potential of the Cdk8
module.
We wished to further characterise the interactions between the Cdk8 module
and the core Mediator complex. We specifically investigated the Med1 subunit,
which is thought to sit in the middle domain based on the location of the S. cerevisiae
homologue (Kang et al., 2001). Structural and functional links between the Cdk8
module and the Med1 subunit had already been described in S. cerevisiae (Balciunas
et al., 1999; Kang et al., 2001).
We first addressed the architecture of the S. pombe Cdk8 module by
biochemical means. Previous work in our lab had shown that S. pombe cells lacking
the med13+ gene do not form L-Mediator (Spahr et al., 2003). We now performed a
more extensive analysis to determine the dependence of the Cdk8 module on its
components for association with the core Mediator. The results are summarised in
Figure 10. We found that the Med12 and Med13 proteins could bind core Mediator in
the absence of Cdk8 and CycC proteins, although the affinity of Med12 for core
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Figure 10. Structural organisation of the S. pombe Cdk8 module.

Mediator appeared to dependent on the Cdk8 kinase. Nevertheless our results were in
agreement with our observation that Cdk8 activity is not required for L-Mediator
formation (Elmlund et al., 2006). Curiously we found that CycC does not require
Cdk8 for its association with Mediator.
We then turned to the structural and functional relationship of the Cdk8
module to the non-essential Med1 subunit. Electron microscopy of wildtype and
�med1 Mediator resolved the position of the Med1 subunit as proximal to the Cdk8
module within the pol II-binding cleft of the core Mediator complex. Expression
profiling of �med1 cells showed significant overlap with the changes seen in cells
lacking either Med12 or Med13. We observed that the cyclin-dependent kinase Cdk8
displays non-specific phosphorylation of holoenzyme components in the absence of
Med1, which could indicate that the Med1 subunit plays a role in regulating Cdk8
substrate specificity.
Finally we investigated the effect on recombinant CTD on L-Mediator
stability. We reasoned that mechanisms must exist for the displacement of the Cdk8
module from core Mediator to allow pol II interaction. Interactions CTD could
possibly occur outside the pol II binding cleft of core Mediator and could be a
conformational regulator of L-Mediator stability. By reciprocal immunoprecipitation
we could demonstrate that (1) the S-Mediator interacted with recombinant CTD while
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the Cdk8 module did not; and that (2) super-stoichiometric amounts of CTD was able
to disrupt the interaction between the Cdk8 module and core Mediator.

PAPER IV
Having addressed the architecture of the S. pombe Cdk8 module in Paper III, we now
turned to the middle and head domains. Our aims were to complete the biochemical
characterisation of the S. pombe Mediator and then do a comprehensive functional
study of the entire complex.
All but two of the middle domain subunits are essential in S. pombe (Med1
and Med31) so we therefore restricted the biochemical analysis to the head domain.
Since our initial isolation and characterisation of the S. pombe Mediator, we had
identified a new subunit by mass spectrometric analysis of partially purified
Mediator. Shortly afterwards the new subunit was identified as a hypothetical
homologue of the S. cerevisiae and mammalian Med20 subunit (Boube et al., 2002).
We wished to confirm that the hypothetical S. pombe Med20 protein was in fact a
stable Mediator subunit and therefore raised a polyclonal antibody against the fulllength recombinant S. pombe Med20 protein. Western blotting of partially purified S.
pombe Mediator resolved by ion exchange chromatography confirmed that the S.
pombe Med20 protein was indeed a stable Mediator subunit.
We next sought to compare the head domain architecture between S. pombe
and S. cerevisiae. Many labs have observed a co-dependent relationship between the
two subunits Med18 and Med20 in S. cerevisiae (Koh et al., 1998; Lariviere et al.,
2006; Lee et al., 1999; Takagi et al., 2006). If one subunit was deleted, the other one
would be lost from the Mediator. We repeated the experiment in S. cerevisiae and
found that Med20 was indeed lost in �med18 cells. However, we could still detect
Med18 in Mediator from �med20 cells although in sub-stoichiometric amounts.
When we performed the same experiment in S. pombe, the relationship proved
identical. It would therefore appear that Med20 was completely dependent on Med18
for its association with Mediator in both yeasts while Med18 could still associate in
absence of Med20 although not as efficiently. An unexpected finding was the loss of
the S. pombe-specific subunit Med27 from both �med18 and �med20 cells. We
purified Mediator from S. pombe cells lacking the med27+ gene and found no effect
on either Med18 or Med20 association. So if Med27 did associate directly with
Med18 and Med20 in the S. pombe Mediator, we would expect it to be at the exterior
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of the complex. To complete our analysis we also isolated Mediator from S. pombe
cells that carried a temperature sensitive allele of the essential head domain subunit
Med8. The allele, sep15-598 (from now on referred to as med8ts for clarity), caused a
distinctive cell separation defect that lead to hyphal growth (Zilahi et al., 2000). We
had observed the same phenotype in both �med18 and �med20 cells, which
suggested a functional link between the med8ts phenotype and the Med18 and Med20
proteins. In agreement with our prediction, S. pombe Mediator isolated from med8ts
cells lacked Med18, Med20 and Med27.
Work was ongoing in parallel to design ts alleles of the essential Med17
subunit in S. pombe that would be analogous to the S. cerevisiae srb4-138 allele
(Thompson and Young, 1995). Four S. pombe med17ts mutants were isolated but
unlike the S. cerevisiae srb4-138 allele, there did not appear to be a global arrest of
pol II transcription (data not shown). All four alleles possessed C-terminal truncations
of up to 50 amino acids due to introduced nonsense mutations. A new allele,
med17�50, was constructed where the last 50 amino acids were deleted to ensure that
there were no cases of partial translation read-through. The med17�50 allele was
indistinguishable from the four previously isolated alleles and so all further work was
done on the med17�50 allele. We observed a clear septation defect in the med17�50
cells and purification of Mediator from med17�50 cells showed that the Med20 and
Med27 subunits were consistently lost from the complex during the procedure. The
presence of Med18 and the Med17 subunit itself appeared to be dependent on
culturing conditions and were only present in Mediator purified from cell grown at
22°C but not from cells grown at 30°C.
We carried out a functional characterisation of all viable Mediator mutant
alleles in our possession. This included null alleles of med1+, med12+, med18+,
med20+, med27+ and med31+; a kinase-deficient allele of Cdk8 termed cdk8mut
(Elmlund et al., 2006); the temperature sensitive alleles med8ts (Zilahi et al., 2000)
and med17�50; and finally a null allele of the hypothetical Mediator gene med15+,
whose S. cerevisiae homologue is located in the tail domain. When observed under
the microscope the Mediator mutants essentially fell into one of two groups based on
cellular morphology. Cdk8 module mutants flocculated whilst mutants of the head
domain as well as �med15 and �med31 cells displayed a septation defect and grew as
hyphae. �med1 cells did not display any phenotype at 30°C but when cultured at
37°C, they flocculated and thus linking Med1 functionally to the Cdk8 module in
agreement with the findings in Paper III. �med27 did not appear to have a phenotype
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but displayed septation defects at 37°C, which supported its biochemical link to the
Mediator head module.
We observed that �med15, �med31 and all the head domain mutants (except
�med27) were sensitive to heat (37°C), high salt (750 mM NaCl), formamide and a
number of other stresses. This sensitivity did not stem from the hyphal growth
phenotype itself as cells lacking the ace2+ or sep1+ genes, which display severe cell
separation defects (Alonso-Nunez et al., 2005; Ribar et al., 1997), were no more
sensitive than wildtype cells. Mutants of the Cdk8 module did not appear stress
sensitive under the same conditions (our unpublished data).
Expression profiling of six mutants clearly showed that the Cdk8 module was
functionally distinct from the head-associated mutants. The transcript profile of a
�med15 mutant linked it to the head domain in agreement with the observed
similarity in phenotype. Similar clustering between Med15 and the head domain is
also seen in S. cerevisiae (van de Peppel et al., 2005). We observed an
overrepresentation of known induced stress genes in the elevated transcripts of all six
mutants (Chen et al., 2003). We also saw an overrepresentation known repressed
stress genes in the decreased transcripts of the head-associated mutants. This
suggested that both the head domain and Cdk8 module were regulators of stressinduced transcription. A direct role for the Cdk8 module in stress-induced derepression of transcription had already been shown convincingly in S. cerevisiae (Chi
et al., 2001; Cooper et al., 1997; Cooper et al., 1999; Krasley et al., 2006). Our results
indicated that the head module and Med15 may play both positive and negative roles
in gene regulation in response to stress.
We looked specifically at genes involved in cell wall metabolism and
maintenance in order to explain the two distinct cellular morphologies we had
observed in our mutants. The two Cdk8 module mutants displayed elevated transcript
levels of six genes coding for hypothetical glycoproteins. Subsequent analysis of the
peptide sequences revealed that five of them belonged to a common family that
shared a conserved 35-36 amino acid repeat (Fig 11A; Valerie Wood, personal
communication). Two other members of this family, Mam3 and Map4, had recently
been identified as mating type-specific agglutinins that are expressed during
conjugation of mating S. pombe cells (Mata and Bahler, 2006; Sharifmoghadam et al.,
2006). The putative agglutinins observed in our dataset have not been characterised to
date and a similar up-regulation of their transcript levels have so far not been
observed in any S. pombe expression profiling studies with the exception of
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Figure 11. The regulation of cell-to-cell adhesion in S. pombe and S. cerevisiae. A, Multiple
sequence alignment of the conserved repeats in S. pombe agglutinins. B, Schematic diagram of
the regulators of asexual adhesion in S. pombe and S. cerevisiae. See text for details.

SPBC947.04, which is induced during osmotic stress (Chen et al., 2003). In S.
cerevisiae the Cdk8 module acts as a repressor of the FLO1, FLO5 and FLO9
agglutinin genes (Chang et al., 2004; van de Peppel et al., 2005; Zhang and Reese,
2004), which demonstrated that this regulatory pathway was conserved between the
two species (Fig 11B). The S. cerevisiae regulatory pathway also includes the Med16
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subunit as well as the Tup1-Ssn6/Cyc8 repressor (Howard et al., 2001; Zhang and
Reese, 2004). The two S. pombe homologues of S. cerevisiae Tup1, which are called
Tup11 and Tup12, may play a similar role in agglutinin repression as a S. pombe
�tup11 �tup12 double mutant strain flocculates (Fredrik Fagerström-Billai, personal
communication). The S. pombe Lkh1/Kic1 LAMMER kinase has also been
implicated in the negative regulation of asexual flocculation but the specific
agglutinins responsible for the flocculation phenotype in �lkh1 cells have not been
identified (Kim et al., 2001; Tang et al., 2003). The S. cerevisiae homologue of
Lkh1/Kic1 is Kns1, which has not yet been properly characterised. However, no
aberrant phenotypes of S. cerevisiae �kns1 cells have been reported to date
(Padmanabha et al., 1991). It remains to be seen whether these LAMMER kinases
play a conserved role in agglutinin gene repression together with the Cdk8 module
and the Tup-Ssn6/Cyc8 repressor (Fig 11B).
Mutants of the head domain showed decreased expression of genes known to
be required for proper cell separation in S. pombe (Bahler, 2005). S. pombe cells
divide by medial septation whereby a division septum consisting of 1,3-ß-glucan is
formed between the two daughter cells at the end of mitosis (Feierbach and Chang,
2001). The individual daughter cells then synthesise their respective cell walls
consisting mainly of 1,3-�-glucan on either side of the primary septum, referred to as
secondary septa (Fig 12C). In order for complete separation to occur the cells must
first degrade the primary septum followed by the septum edging that surrounds it.
Hyphal growth phenotypes in S. pombe cells arise when the enzymes required for
dissolution of the primary division septum are non-functional or absent (Fig 12B).
The pathway that regulates septation has been well characterised in S. pombe and is
dependent on the two transcription factors Sep1 and Ace2 (Alonso-Nunez et al.,
2005; Bahler, 2005; Ribar et al., 1997; Rustici et al., 2004). Sep1 transcript levels are
constant throughout the cell cycle whilst Ace2 levels peak at the end of mitosis
(Rustici et al., 2004). The Sep1 activator directly activates the transcription of the
ace2+ gene (Alonso-Nunez et al., 2005; Rustici et al., 2004). Ace2 in turn activates
several genes that code for enzymes that degrade the primary septum and septum
edging (Alonso-Nunez et al., 2005; Dekker et al., 2004; Martin-Cuadrado et al., 2003;
Rustici et al., 2004).
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Figure 12. The regulation of post-mitotic cell separation in S. pombe and S. cerevisiae.
A, Schematic diagram of the Ace2 pathway in S. pombe and S. cerevisiae. B, Scanning EM
of S. pombe cells displaying a severe septation defect due to inactivation of the ace2+ gene
(Image by Tomas Linder and Kjell Hultenby). C, Schematic diagram of the division septum
in S. pombe and S. cerevisiae with the relevant enzymes indicated.

The process of cell separation is fundamentally different in S. cerevisiae
(Yeong, 2005). The primary septum is composed of chitin and the septum edging of
1,3-ß-glucan (Cabib et al., 2001). The cell septation pathway is controlled by the two
related transcription factors Ace2 and Swi5. Ace2 is specifically required for the
expression of a number of the enzymes required for septation including the endochitinase Cts1 and the endo-glucanase Eng1 (Baladron et al., 2002; Colman-Lerner et
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al., 2001; Doolin et al., 2001; Kuranda and Robbins, 1991). Just as in S. pombe,
deletion of the S. cerevisiae ACE2 gene results in a cell separation phenotype
(Dohrmann et al., 1992). We investigated the available expression data from S.
cerevisiae Mediator mutants as some S. cerevisiae Mediator mutants have been
reported to display cell separation phenotypes (Jiang and Stillman, 1992; Sakai et al.,
1990; Smith et al., 1999). As it turned out the activating cluster of Mediator subunits
(Fig 7) was required for the proper expression of Ace2-regulated genes in S.
cerevisiae as well (van de Peppel et al., 2005). The effect was most pronounced in
null alleles of the three tail subunits Med2, Med3 and Med15. The genes
AMN1/CST13 and EGT2 that are jointly regulated by Ace2 and Swi5 (Colman-Lerner
et al., 2001; Doolin et al., 2001) were also affected while other shared target genes
were not (data not shown).
What is the cause of the impaired Ace2-dependent activation in these two
species? Is it a direct requirement for particular Mediator subunits or is the pathway
simply very sensitive to perturbed transcriptional processes? Other components of the
S. pombe transcriptional apparatus have also been implicated in the regulation of
Ace2-target genes including the shared TFIID/SAGA subunit Taf5 (Yamamoto and
Horikoshi, 1998), the TFIIH subunits Cdk7 and Pmh1 (Lee et al., 2005) as well as the
Rpb4 subunit of pol II (Sharma et al., 2006).

SUMMARY
S. pombe was a fortunate choice as a model system for comparative studies of
Mediator structure and function. Just as S. cerevisiae, S. pombe is amenable to very
precise genetic manipulation but the two species are highly divergent with significant
differences in cellular functions (Forsburg, 1999). This is reflected by some
significant differences in Mediator function in the two species. The most obvious
difference is the lack of a stable tail domain in S. pombe Mediator (Elmlund et al.,
2006) as well as the lack of S. pombe homologues to the tail domain subunits Med2,
Med3, Med5 and Med16. Med15 appears conserved in S. pombe but the nature of its
physical association with core Mediator is still being investigated. However, the
functional data presented in Paper IV clearly links Med15 to the head domain, which
is in agreement with similar studies from S. cerevisiae (van de Peppel et al., 2005).
The S. pombe system has also been instrumental in our understanding of the
Cdk8 module. The ability to isolate homogenous L-Mediator has been the key step in
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this investigation and allowed us to define some of the key properties of this form of
Mediator. First, we were the first to demonstrate that the L-Mediator was mutually
exclusive with the holoenzyme form of Mediator (Samuelsen et al., 2003; Spahr et
al., 2003), which now has been confirmed in other organisms as well (Conaway et al.,
2005; Malik et al., 2005). Subsequent structural work provided a very elegant
explanation for the incompatibility of the L-Mediator and holoenzyme forms
(Elmlund et al., 2006). Second, in Paper III we uncovered the role of pol II CTD as
one mechanism of this transition from repressed to active form. The Cdk8 module
had previously been linked to the Med1 middle domain subunit in S. cerevisiae
(Balciunas et al., 1999; Kang et al., 2001) but little is known about nature of this link.
Our results in Papers III and IV demonstrated that this link was conserved in S.
pombe as well. In addition we were able to define the exact location of the Med1
subunit in relation to the Cdk8 module in the L-Mediator structure. We also
discovered that Med1 may play a role in Cdk8 substrate selectivity.
Our identification of Med31 as a stable subunit in both S. pombe and S .
cerevisiae in Paper I argues for the universal conservation of fundamental Mediator
mechanisms. The functional data in Paper IV links S. pombe Med31 with head
domain subunits Med18 and Med20, a link that is also found in S. cerevisiae (van de
Peppel et al., 2005). Yet mutational analysis of S. cerevisiae Mediator in Paper II
places Med31 in the middle domain, which is in agreement with subunit interaction
data (Guglielmi et al., 2004).
The S. cerevisiae MED17 conditional allele srb4-138 has been crucial in our
understanding of Mediator function but it is only recently that we have begun to
understand the nature of this mutant. The results in Paper II demonstrate an inherent
instability in the head domain of S. cerevisiae srb4-138 cells irrespective of growth
temperature. However, as shown in Paper IV, Med17 function can be studied by the
utilisation of different mutant alleles that do not cause as drastic effects on global
transcription. The S. pombe med17�50 allele displayed very specific effects on global
transcription patterns as well as Mediator subunit composition. We have also shown
previously that the med17�50 allele does not cause a global loss of Mediator from the
genomic template at the non-permissive temperature but rather a reorganisation of
Mediator binding profiles (Zhu et al., 2006).
On a final note the functional analysis of S. pombe Mediator in Paper IV
reveals the first known instance of conserved regulatory roles of individual subunits
in specific cellular pathways. There are several points worth noting concerning this
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finding. The two pathways described, asexual cell-to-cell agglutination and postmitotic cell separation, are fundamentally different in S. pombe and S. cerevisiae (Fig
11B, Fig 12A). The conservation of these pathways appeared to be on the level of
regulation rather than the exact effector proteins that facilitate agglutination and cell
separation, respectively. We found that the Med15 subunit was required for the
expression of cell separation factors in both S. pombe and S. cerevisiae despite the
differences in the structural relationship of the two homologues to the core complex.
In S. cerevisiae Med15 is stably associated with Mediator and exerts its function in
concert with the Med2 and Med3 subunits while the S. pombe homologue does not
appear to be a stable Mediator component. Further characterisation of the S. pombe
Mediator and its role in cellular homeostasis will undoubtedly uncover more cases of
conserved roles for Mediator in the regulation of specific pathways.
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