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Abstract
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Function Analysis
Maria Elena Mogni - Wadham College - University of Oxford
Submitted for the degree of Doctor of Philosophy in Michaelmas Term 2012
The archaeal RNA polymerase (RNAP) is similar to the eukaryotic RNAP-II in
terms of subunit composition and overall protein structure. Despite its similarity, a
new archaeal-specific Rpo13 subunit has been identified. Rpo13 occupies a position
in the enzyme which, in RNAP-II, is filled by the eukaryotic-specific Rpb5 jaw
domain. It has therefore been proposed to contact DNA, where the positively
charged C-terminal tail might mediate protein-DNA interactions. Furthermore,
analysis of archaeal genomes has identified a homologue of the eukaryotic RNAPIII-specific RPC34 subunit. RPC34 may associate with the single archaeal RNAP,
modulating the specificity of the archaeal RNAP and re-directing it to a subset
of genes such as non-coding genes, in analogy to the RNAP-III/RPC34 eukaryotic
system involved in the transcription of 5S rRNA, tRNAs and other small RNAs.
More importantly, the association of RPC34 with the single archaeal RNAP would
define an archaeal enzyme which acts as a precursor of the eukaryotic RNAP-III.
Electrophoretic mobility shift assay (EMSA) analysis of purified Rpo13 protein
by recombinant means subsequently incubated with a double-stranded (ds)DNA
sequence reveals the formation of protein-DNA complexes, where Rpo13’s binding
to DNA is non-sequence specific but discriminatory to dsDNA, as no binding is
observed in the presence of single-stranded (ss)DNA. Also, it is found that the
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major determinant of DNA binding is the Rpo13’s positively charged C-terminal
tail, since DNA binding is abolished with a Rpo13 mutant deficient in this tail.
Furthermore, neither major groove nor minor groove interacting compounds have a
major impact on Rpo13’s binding to DNA, suggesting that Rpo13 may associate with
the negatively charged DNA phosphate backbone. Moreover, in vitro transcription
assays indicate that a transcription product is observed upon RNAP incubation
with a bubble DNA oligo shown to make Rpo13 contacts in the RNAP-DNA
crystal structure.

In addition, while a GST-pulldown experiment suggests the

existence of an interaction between the archaeal RNAP and RCP34 in vitro, coimmunoprecipitation assays argue against the existence of such interaction from an
in vivo point of view. Finally, a chromatin immunoprecipitation (ChIP)-sequencing
approach to analyse Rpo13’s genomic distribution versus the one of the bulk RNAP
was undertaken. While the gel filtration elution profile analysis of Rpo13 in the S.
acidocaldarius cell extract versus the one of recombinant Rpo13 suggests that there
is a free Rpo13 pool in the cell extract, indicating that Rpo13 may be acting as
a transiently-associated RNAP subunit displaying a factor-like function, the ChIPsequencing approach reveals that Rpo13 is a bona fide RNAP subunit since it colocalises from a genomic point of view with the bulk RNAP.
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Chapter 1

Introduction
1.1

The Archaeal Domain of Life

Living organisms have been classically divided into basic dichotomies. Traditionally,
what was not considered to be part of the plant kingdom was considered to be part of
the animal kingdom. The discovery of bacteria, which were found to be very different
from animals and plants, led to the definition of Eukaryotes and Prokaryotes, where
eukaryotic cells are thought to be the product of symbiotic events between primordial
unicellular organisms and to contain higher order cellular organelles such as the
nucleus. It was not until the 1970s that, for the first time, ribosomal RNA (rRNA)
was used as a molecular chronometer since it is not only universal to all organisms
but can also be easily isolated. In addition, the rRNA sequence changes slowly with
time, where the rates of base substitution vary according to the part of the molecule,
allowing for phylogenetic analyses. This led to the division of living systems into
Eukaryotes, Bacteria and a new domain of life, Archaea (Figure1.1) [176], [178].
Indeed, whilst archaeal rRNAs were found to be comparable in size to bacterial
ones, they share very little sequence similarity and patterns of base modification to
bacterial rRNAs [176].
Archaea, despite being unicellular prokaryotic organisms and lacking the nuclear
envelope similarly to bacteria, have very unique features, which are domain-specific.
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These include distinct aspects of electron transport phosphorylation, lipid structure
and biosynthesis, flagellin units, split of the Rpo1 subunit of the RNA polymerase
(RNAP), RNAP gene order, unique modified nucleotides in tRNA and unique
sequences flanking rRNA genes [184].

More importantly, they are a mosaic of

bacterial and eukaryotic molecular features. For example, archaeal DNA replication
is carried out by enzymes that are homologous to eukaryotic ones [52], [106].
Also, the archaeal RNAP is similar to the eukaryotic RNAP-II in both terms of
subunit composition and structure ([171]), and the basal archaeal transcription
initiation factors are similar to eukaryotic ones [114]. Furthermore, more than
30 ribosomal proteins are shared between the Archaea and Eukaryotes, and many
archaeal translation factors are related to eukaryotic ones [105], [114]. Finally, some
of the systems involved in operational functions, such as vacuolar ATPases ([63]) and
secretion pathways ([65], [64]) are related to eukaryotic ones. On the other hand,
several features are similar to bacteria, such as a circular chromosomal architecture
([165]), coupling between transcription and translation ([58]), capless translation
initiation ([27]) and the cell division system [150], [109].
The evolutionary relationship between the Archaea and Eukaryotes is divided
into two views [66] (Figure1.2).

The first one proposes that Eukaryotes and

Archaea are two distinct sister lineages derived from a common ancestor, where
the features shared between the Archaea and Eukaryotes are ancestral traits
that were inherited from their common ancestor. This view is reflected in the
classical monophyletic universal tree of life, with the three primary domains of
life. The second one proposes that Eukaryotes arose from the association of a
bacterium and an archaeon. This view claims that the universal tree of life is
composed of only two primary domains, the Archaea and Bacteria, where Eukaryotes
represent a secondary domain that came into existence after the first two. Three
studies based on protein analysis support the first view, while four studies based
on genome content analysis support the second view [66]. The second view is
most likely to be the most valid one as Rpo8 is found in the Crenarchaeota
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but not in the Euryarchaeota. Phylogenetically, the Archaea fall into four main
distinct phyla: the Euryarchaeota, the Thaumarchaeota, the Crenarchaeota, and
the Korarchaeota, with possibly a fifth phylum, the Aigarchaeota (Figure1.1)
[177], [2], [25], [82], [55].

The Euryarchaeota comprise methanogens, extreme

halophiles, thermophiles, psychrophiles and sulphate-reducing species, while the
Thaumarchaeota comprise ammonia-oxidizer species, and finally the Crenarchaeota
comprise sulphur-dependent species and other thermophiles.

Of the remaining

phyla, only one member is known for the Korarchaeota ([55]), while the only
known nanoarchaeum ([82]) is thought to be an early branching member of the
Euryarchaeota [24]. Many Archaea are extremophiles, and are found in geological
niches originally thought to be uncolonisable, such as hot springs, salt lakes and
sulphurous caldrons as well as other more common yet extreme habitats such as
soils, oceans, marshlands and the human colon.
In this particular study, the hyperthermophile Sulfolobus acidocaldarius DSM639
strain is the organism of choice, which is the first hyperthermoacidophile to be
characterised from acid hot-springs at Yellowstone National Park, USA ([26]),
and the name was chosen to describe the irregular lobe-shaped character of the
organism. It grows optimally at 75 to 80 ◦ C and at a pH of 2 to 3, under aerobic
conditions and on organic substrates, such as yeast extract, tryptone, casamino
acids and a limited number of sugars. It has special features, such as the ability to
exchange chromosome genes intercellularly ([1], [67]), and to grow synchronously
in culture ([20], [19]), enabling cell cycle studies, in addition to a very stable
genome organisation. Its complete sequence is also avaliable [38]. Finally, and
most importantly, its thermophilicity allows for in vitro biochemistry experiments,
where most recombinant proteins are stable to heat-treatment. This study revolves
around the Sulfolobus RNAP which, in addition to being similar to the eukaryotic
RNAP as opposed to the bacterial RNAP, has unique and distinct features.
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Figure 1.1: The three of life is divided into three domains: the Eukaryotes, the Archaea
and Bacteria. Each domain of life in turn comprises several phyla. Specifically, upon
rRNA study, the domain Archaea has been divided into several phyla. The Euryarchaeota
is the most diverse group, including methanogens, extreme halophiles, thermophiles,
psychrophiles and sulphate-reducing species. The Thaumarchaeota comprise ammoniaoxidizer species, while the Crenarchaeota comprise sulphur-dependent species and other
thermophiles. Finally, both the Nanoarchaeota and the Korarchaeota have each one known
member only. The figure is recreated from [3].

1.2

Transcription as a Cellular Process

Transcription is the process of creating a complementary RNA copy of a sequence
of DNA. Being one of the core cellular processes, it is of not much surprise that
RNAPs are highly conserved in evolution ([171]), where all existent RNAPs have
a common structural framework and use the same basic molecular mechanisms.
Only a single RNAP is present in Archaea and Bacteria, as opposed to the three
RNAPs that direct eukaryotic RNA synthesis: RNAP I, RNAP-II and RNAP-III.
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A

B
‘Three primary domains’ (3D)
scenario

‘Two primary domains’ (2D)
scenario

Archaea

Archaea

Eukarya

2

1

Bacteria

Eukarya

Bacteria

1

3

4

2, 4

Figure 1.2: Proposed models for the evolution of the three domains of life. (A) In the ‘three
primary domains’ (3D) scenario, the Eukarya, Archaea and Bacteria form three distinct
domains, each with a specific most recent common ancestor (1,2 and 3). The Eukarya
and Archaea are two different sister lineages, where they share an ancestor (4), the nature
of which remains undetermined. The branch lengths and number of lineages within each
domain are arbitrary. (B) In the ‘two primary domains’ (2D) scenario, the Archaea and
Bacteria are the two primary domains, while the Eukarya is a secondary domain that came
into existence after the merging of an archaeon and a bacterium (for simplicity, only the
relationship between the Archaea and the Eukarya is shown). In this case, the most recent
ancestor of the Eukarya (1) derives directly from within the Archaea. Hence, the most recent
ancestor of the Archaea is also the most recent ancestor of the Archaea and the Eukarya
(2,4). The branch lengths and number of lineages within each domain are arbitrary. The
figure is recreated from [66].

While RNAP I and RNAP-III are in charge of the transcription of non-coding
RNAs, such as all rRNAs with the exception of 5S rRNA for RNAP I, and 5S
rRNA as well as tRNAs and other small RNAs for RNAP-III, RNAP-II directs the
transcription of coding genes. Transcription is divided into initiation, elongation and
termination. Steps during transcription initiation include promoter DNA binding,
DNA melting, and initial synthesis of short RNA transcripts. The transition from
initiation to elongation (promoter escape) leads to a stable elongation complex that
is characterised by a transcription bubble. A multitude of transcription factors
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are involved in directing transcription in its three stages of initiation, elongation
and termination.

It is important to point out that some transcription factors

that are permanently incorporated in one RNAP system are on the other hand
reversibly incorporated in another RNAP system. Therefore, the boundary between
core RNAP subunits and associated transcription factors is loose in its definition.
Much insight into the mechanisms of transcription is derived from crystallographic
structures of the eukaryotic RNAP-II. Nonetheless, structures of the archaeal RNAP,
which is very similar in structure and subunit composition to RNAP-II, have also
been obtained. In the following section, the basic structural principles underlying
transcription directed by RNAP-II will be reviewed, where the same basic principles
are also valid for archaeal transcription despite slight differences.

1.3

Eukaryotic Transcription

The eukaryotic RNAPs are multisubunit enzymes, where RNAP I, RNAP-II and
RNAP-III comprise 14, 12 and 17 subunits respectively.

Ten subunits form

a structurally conserved core, and further subunits are found in the periphery.
Specifically, the RNAP-II core is made of Rpb1, Rpb2, Rpb3, Rbp5, Rpb6, Rpb8,
Rpb9, Rpb10, Rpb11 and Rpb12 subunits and a peripheral heterodimer of Rpb4 and
Rpb7 subunits (Figure1.3). The Rpb5, Rpb6, Rpb8, Rpb10 and Rpb12 subunits are
shared between RNAP I, RNAP-II and RNAP-III.

1.3.1

RNAP-II’s Overall Structure

Large amounts of endogenous Saccharomyces cerevisiae RNAP-II protein
preparations have been used for high resolution structural studies of the general
RNAP-II backbone model, where initially a special rpb4 deletion yeast strain
was used in order to avoid heterogeneity due to the Rpb4/7 complex that could
prevent crystallisation [48], [53].

The initial low resolution three-dimensional

structure of yeast RNAP-II was determined by electron micrographs of two-
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dimensional crystals ([47]), which revealed a channel of about 25 Å in diameter
hypothesised to contain double-stranded (ds)DNA (Figure1.3) as well as a narrower
channel that branches off from the 25 Å diameter channel. Higher resolution Xray crystallographic structures were subsequently obtained from three-dimensional
crystals, which revealed more detailed molecular features. The crystal structure
obtained from Fu and coworkers showed that the channel was narrower (14 Å) and
no longer sufficient to accommodate dsDNA, though large enough for the passage
of single-stranded (ss)DNA or RNA [59]. A mobile element denoted as the clamp
domain was also revealed (Figure1.3) [59]. The subsequent structures ([45], [46])
divided the RNAP-II into functional modules. The core module consists in Rpb1
and Rpb2, these subunits forming distinct masses with a deep positively charged
cleft between them that contains the active site centre, previously identified as the
channel (Figure1.3). Elements of Rpb1 and Rpb2 traverse the cleft, with the first
active site magnesium ion (metal ion A) occurring within a prominent loop of Rpb1,
which harbours the conserved aspartate residue motif loop involved in magnesium
ion binding [45]. A second magnesium ion (metal ion B) is weakly bound between the
Rpb1 aspartate loop and one or two conserved acidic residues in Rpb2. These two
magnesium ions are thought to participate in a ‘two-metal-ion’ mechanism for the
catalysis of phosphodiester RNA bond formation universal among all polymerases
[154]. Beyond the active site, the DNA path is blocked by a protein wall (Figure1.3)
[45]. While the clamp domain forms the Rpb1 side of the cleft, the Rpb2 side of the
cleft consists of two domains, termed lobe and protrusion (Figure1.3). Thus, the
active centre is formed by the floor of the cleft at its end, and is located between
the protrusion, the wall and the clamp. Due to the presence of the protein wall, the
DNA-RNA hybrid emanating from the active site would have to pass up the wall, at
nearly right angles to the incoming DNA in the cleft. A hole in the floor of the cleft
beneath the active site would allow entry of substrate nucleotide triphosphates [45].
The core module also comprises Rpb3, Rpb10, Rpb11 and Rpb12 subunits, which
are involved in RNAP-II assembly and bridge one side of the the Rpb1 and Rpb
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2 subunits. Around the periphery of the enzyme, Rpb5, Rpb6 and Rpb8 assemble
with Rpb1, and Rpb9 binds to both Rpb1 and Rpb2. DNA is suggested to enter
the cleft passing between a pair of mobile elements termed jaws (Figure1.3). The
jaw lobe module is the upper jaw and comprises Rpb1, Rpb2 and Rpb9 subunits
(Figure1.3) [46]. The shelf module is the lower jaw, and comprises Rpb1, Rpb5 and
Rpb6 subunits (Figure1.3) [46]. Very importantly, residues in the Rbp5 loops facing
the DNA are conserved. Two prolines present their side chains to the DNA with
a spacing and relative orientation appropriate for contacting the DNA backbone
[45]. Furthermore, the clamp domain, which is thought to permit entry of promoter
DNA, comprises regions of Rbp1, Rpb6 and Rpb2 [45]. Finally, zinc ions near the
RNAP-II surface appear to have a structural role and stabilise the enzyme. Indeed,
while Rpb1 and Rpb9 each bind two zinc ions, subunits Rpb2, Rpb3, Rpb10 and
Rbp12 each bind one zinc ion [46]. In addition, three zinc ions stabilise the unique
clamp fold [46].

1.3.2

RNAP-II’s Catalytic Elements

Structures of RNAP-II elongation complexes revealed the DNA path in the enzyme
as well as structural elements involved in strand separation and transcription bubble
maintenance [62], [175], [90]. Work by Westover and coworkers and Kettenber and
coworkers yielded the elongating RNAP-II in the post-translocation state with the
use of synthetic oligonucleotides ([175], [90]), with the nucleotide that was just added
to the RNA having advanced to the -1 site, as opposed to the RNAP-II in the pretranslocation state obtained by Gnatt and coworkers obtained with the assembly of
transcribing complexes [62]. The structure of transcribing RNAP-II was found to
differ from the one of free RNAP-II mainly in the position of the clamp [62]. The
clamp was found to swing over the cleft during the formation of the transcribing
complex, trapping the template and transcript. The DNA was found to contact
the Rbp5 jaw domain at the loop containing the proline residues, to then pass
between the Rpb1 clamp head to finally reach the bridge helix and bind to switches
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A

B
Stalk
domain
Channel
protrusion
lobe

C

D
Jaw lobe
module
Shelf
module

Clamp
domain
Saddle

Rpb1 Rpb2 Rpb3 Rpb4 Rpb5 Rpb6 Rpb7 Rpb8 Rpb9 Rpb10 Rpb11 Rpb12
Figure 1.3: The eukaryotic RNAP-II is composed of 12 subunits, Rpb1-12, where each
subunit is colour-coded. Four different stereo-views of the RNAP-II are shown (Figure AD), where functional modules are indicated by arrows. (A) The RNAP-II channel traverses
the polymerase, and consists of the cleft containing the active site. A protein wall is present,
which modificates the DNA path is a way to bend the DNA at nearly 90◦ . The active site
is therefore surrounded by the wall, clamp and protrusion domains. The stalk domain is
composed of Rpb4 and Rpb7 subunits. (B) The Rpb2 subunit is defined in terms of lobe and
protrusion domains. (C) The DNA enters the channel via gripping through jaw modules.
The upper jaw module is called the jaw lobe module and is composed of Rpb1, Rpb2 and
Rpb9 subunits. The lower jaw module is called the shelf module and is composed of Rpb1,
Rpb5 and Rpb6 subunits. (D) The clamp domain closes onto the DNA, and is composed of
Rpb1, Rpb6 and Rpb2 subunits. The saddle is part of the RNA exit groove. The PDB code
for the RNAP-II crystal structure is 3FKI.

1 and 2 (Figure1.4) [62]. Downstream DNA unwinding is achieved through three
positively charged residues in switch 2, which pull the template strand away from
the duplex axis, and by three negatively charged residues in switch 1 that repel
the DNA strand [90]. Also, the Rpb2 fork loop 2 sterically blocks duplex binding,
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interferes with the non-template strand and prevents re-association of separated
strands, while the Rpb2 fork loop 1 interacts with RNA and may serve to delimit the
region of RNA-DNA strand separation, maintaining the transcription bubble further
upstream (Figure1.4) [62], [175], [90]. Furthermore, three loops extending from the
clamp, termed rudder, lid and zipper have been suggested to play roles in hybrid
dissociation, RNA exit and maintenance of the upstream end of the transcription
bubble [62]. The lid is involved in maintaining the separation of RNA and template
DNA strands ([175]), while the zipper may play a similar role in separating template
and non-template DNA strands (Figure1.4). The rudder is not directly involved in
strand separation, but rather stabilises unwound DNA [175]. Finally, extension of
RNA leads to the exit groove, which is created by the saddle, lip and flap loop, and
nucleotide triphosphates enter through the pore during RNA synthesis (Figure1.4)
[62]. The DNA path at the active centre displayed a right angle bend, which orients
the DNA-RNA hybrid optimally for transcription. Hence, the DNA would not pass
through the channel as initially proposed, but rather would be associated with the
RNAP-II entirely on one face [135].

1.3.3

RNAP-II’s Rpb4/Rpb7 Complex

Upon crystal structure resolution of the archaeal Rb4/Rpb7 stalk complex on its
own (Figure1.3) ([158]), Craighead and coworkers were able to derive information
from the Rb4/Rpb7 complex in order to obtain the crystal structure for the entire
RNAP-II [44]. The Rb4/Rpb7 complex was proposed to interact with RNAP-II
through Rpb4 [44]. Also, the position of the Rbp4/Rpb7 complex, adjacent to
the RNA exit groove, suggests that two putative ss-nucleic acid binding domains
in Rpb7, the ribonucleoprotein (RNP) fold and oligonucleotide-binding (OB) fold,
are likely involved in determining the path of the newly synthesised RNA as it is
transcribed, as shown both in vitro and in vivo [44], [121], [159], [36], [6]. Work
by Asturias and coworkers hinted for a RNAP-II structure with a lack of protein
density on the cleft ([9]), that was previously observed to clamp DNA in the cleft
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Figure 1.4: Several key catalytic elements are involved in strand separation and
transcription bubble maintenance. Upon DNA entry into the RNAP-II through the DNAgripping jaw domains and clamp domain, the DNA helix is unwound by switches 1 and
2 and it encounters the bridge helix, which is involved in the catalysis of nucleotides and
RNAP-II translocation. Furthermore, fork loop 2 mainly prevents re-association of unwound
DNA strands, while fork loop 1 mainly maintains the transcription bubble further upstream.
Moreover, while the zipper and lid are respectively involved in the separation of DNA strands
and DNA-RNA strands, the rudder is not directly involved in strand separation but rather
it stabilises unwound DNA. Finally, while the RNA exits through the exit groove, nucleotide
triphosphates enter through the funnel-shaped pore for RNA synthesis. The figure is recreated
from [62].

[47]. They suggested this ‘open conformation’ of RNAP-II, where association of
Rpb4 and Rpb7 subunits RNAP-II favours on the other hand the other ‘closed
conformation’. Indeed, subsequent work by Armache and coworkers revealed that
not only the Rpb4/Rpb7 complex binds to the RNAP-II through Rpb7 (Figure1.3),
but also that modeling the clamp in the ‘open conformation’ results in a clash with
the Rpb7 tip [8]. Also, the structure of the complete RNAP-II in the clamp-closed
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state showed that loops in Rpb1 that form the hinge for clamp movement are at the
level of the RNA exit groove, where contacts of Rpb4 above the groove and Rpb7
below the groove would appear to bracket the clamp, constraining it in the closed
state [33]. Therefore, the Rpb4/7 complex can only bind when the clamp is closed,
and the clamp can only open after the dissociation of the Rpb4/Rpb7 complex
from the RNAP-II core. The requirement for Rpb4/Rpb7 for the inititation of
transcription ([54]), with its effect on the clamp constraining it in the closed state,
suggests that promoter DNA binding and transcription initiation occur in the clampclosed state with bending of the DNA. Specifically, the DNA can either be melted
in the cleft with expelling of the DNA non-template strand before clamp closure,
or the DNA can be melted on top of the cleft, with slipping of the template strand
into the cleft. As further discussed in section ‘Transcription Initiation by RNAP-II’,
the second model is favoured. It has to be noted that the eukaryotic Rpb4/Rpb7
is permanently associated with the RNAP and plays an important role during all
stages of the transcription cycle, as shown by ChIP-seq data [86].

1.3.4

Catalysis and Transcription Elongation by RNAP-II

Mechanisms for nucleotide selection and catalysis as well as transcription elongation
have been proposed.

In order to investigate the mode of interaction with the

nucleotide, the RNAP-II structure in the post-translocation state was obtained
upon soaking of crystals with both the nucleotide matched to the upstream DNA
base and unmatched nucleotides [174]. Two nucleotide binding sites were found
(A and E sites), where the nucleotide would first enter the E site and then rotate
around the magnesium ion (metal ion B) to sample base pairing in the A site,
where the template strand is held fixed by interaction with the bridge helix [174].
Furthermore, contacts between the bridge helix, trigger loop and the nucleotide
in the A and E sites occur [168]. The trigger loop, which is located beneath the
nucleotide in the A site, refolds into two trigger helices upon nucleotide binding
that, together with the bridge helix, creates a three-helical bundle [163], [42]. The
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trigger loop on its own as well as its interactions with the bridge helix and with
other Rpb1 and Rpb2 residues lining the active centre region serve to recognise all
features of the nucleotide in the A site and parameters of the DNA-RNA hybrid
helix in such a way to discriminate against base-pair mismatching [168], [42], [88],
[42]. Thus, the interactions between the trigger loop and the bridge helix bend
the latter in the direction of the nucleotide and the DNA-RNA hybrid, consistent
in the involvement of the trigger loop in the control of bridge helix motion [168].
Upon correct nucleotide incorporation and pyrophosphate release, the interaction
between the incorporated nucleotide and the refolded trigger helix is destabilised
and the DNA-RNA hybrid is freed for translocation, where the new RNA 3’ end is
aligned with the magnesium ion (metal ion A) [168]. Thus, movement of the trigger
loop coupled to that of the bridge helix may contribute to the translocation process.
Indeed, the use of the elongation inhibitor α-amanitin revealed that α-amanitin traps
the trigger loop in a new conformation with the bridge helix, stabilising the RNAPII in a translocation intermediate [28]. Furthermore, the same protein-nucleic acid
interactions formed at the upstream and downstream edges of the DNA-RNA hybrid
and the downstream DNA are present in the pre-translocated and post-translocated
states, suggesting that, in the absence of nucleotide, these two states are equally
stable [162]. The structure therefore supports a ‘brownian-ratchet’ mechanism, in
which translocation is driven by thermal motions giving rise to equilibrium between
the post-translocated and pre-translocated states of the nucleotide-free elongation
complexes, while binding of the nucleotide would favour the post-translocated state
via the trigger loop (Figure1.5).

1.3.5

Transcription Initiation by RNAP-II

Recent effort in the field has been redirected in understanding the structural basis of
transcription initiation. Several transcription factors are involved in the formation of
the pre-initiation complex (PIC) on promoter DNA: TFIIA, TFIIB, TFIID, TFIIE,
TFIIF and TFIIH. TFIID’s association with the TATA box in promoter DNA or
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Figure 1.5: A ‘brownian-ratchet’ mechanism is proposed for the RNAP-II translocation
upon phosphodiester RNA bond formation. In the absence of nucleotide, the pre-translocated
and post-translocated states are equally stable. Upon correct nucleotide binding in the A
site, the trigger loop, which is located beneath the nucleotide in the A site, refolds into two
trigger helices which, together with the bridge helix, creates a three-helical bundle. The
post-translocation state is also favoured versus the pre-translocation state. Interactions
between the trigger loop and the bridge helix occur in a manner to bend the bridge helix
in the direction of the nucleotide and the DNA-RNA hybrid. These interactions also serve
to detect all features of the nucleotide in the A site and parameters of the DNA-RNA
hybrid helix in such a way to discriminate against base-pair mismatching. Upon correct
nucleotide incorporation and pyrophosphate release, the interaction between the incorporated
nucleotide and the refolded trigger helix is destabilised and the DNA-RNA hybrid is freed for
translocation into the pre-translocated state for another cycle of nucleotide incorporation.
The figure is recreated from [163].

other elements such as the initiator sequence in TATA-less promoters requires the
preceding TFIIB’s recruitment, since TFIID is incorporated through contacts with
both TFIIB and the TATA box, where TFIIA can stabilise the TFIID-DNA complex,
and creates a context for TFIIB binding. TFIIB also binds to the TFIIB response
14

element (BRE) promoter DNA element. Analysis by surface plasmon resonance
showed that TFIIB, TFIIE and TFIIF bind to the RNAP-II, while TFIIH binds
to TFIIE [32]. TFIIF is involved in the prevention of non-specific DNA binding,
while TFIIE and TFIIH are involved in DNA melting. A stepwise assembly model
has been proposed for transcription factor incorporation where TFIID, TFIIB and
TFIIF are minimally required for loading of promoter DNA onto RNAP-II, with the
RNAP-II-TFIIF complex binding to the TBP-TFIIB-DNA complex [30], [103], [41].
As an alternative to the stepwise assembly of the initiation complex, it has been
suggested that a large RNAP-II holoenzyme can be recruited to the promoter in a
single step [95], [131]. Such holoenzyme was purified from yeast and mammalian
cells, and comprise the RNAP-II as well as transcription factors [95], [131]. The
various crystal structures containing transcription factors in the presence of DNA
and/or RNAP-II as well as complementary experiments such as cross-linking proteinprotein and protein-DNA analysis are described in the following paragraphs.
The TATA box binding protein (TBP), along with several TBP-associated
factors that make up TFIID, is involved in DNA bending. The C-terminal core of
TBP is highly conserved and contains two repeats that produce a saddle-shaped
structure that straddles the DNA (Figure1.6) [129], [35]. This region binds to
the TATA box, where contacts with the DNA minor groove are made with a βsheet (Figure1.6), and interacts with transcription factors and regulatory proteins
[129], [35]. By contrast, the N-terminal region varies in both length and sequence
among different organisms [129], [35]. More specifically, in the TBP-DNA co-crystal,
TBP-DNA contacts are completely restricted to the phosphate-ribose backbone and
the minor groove [92]. Interactions with the minor groove can be divided into
three classes [92]. Firstly, at either end of the TATA-box there are two pairs of
phenylalanine side chains partially inserted between adjacent base pairs, producing
the two dramatic kinks. Secondly, four polar side chains make minor groove H-bonds
with acceptors of four base pairs centred about the approximate two-fold symmetry
axis of TBP. Thirdly, fifteen residues projecting from the concave surface of TBP
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make hydrophobic or van der Waals side-chain/base contacts with the eight-basepair sequence flanking the approximate two-fold axis. A co-crystal structure with
a longer TATA-box containing oligonucleotide showed that the entire TATA-box is
severely bent toward the major groove, exposing the minor groove that interacts
with the under-surface of the TBP-saddle [94]. Further studies have shown that
there is a correlation between the degree of bending and the stability of the complex
in solution, such that complexes with a longer lifetime appear to have increased
bend angles [152]. Therefore, DNA bending is important for site-specific recognition
by TBP. Furthermore, the TATA-box is centred on the pseudodyad of TBP, and is
oriented so that the beginning of the TATA-box contacts the second direct repeat
[94]. In response to the severe bend, the TATA-box unwinds considerably enabling
the DNA to maintain nearly symmetrical contact with the under-surface of the
TBP’s saddle [94]. Thus, an induced-fit mechanism occurs upon DNA binding by
TBP, where conformational changes in both the protein and the DNA generate
complementary interaction surfaces without bad steric contacts between the DNA
and protein atoms.

TBP’s overall role therefore consists in DNA binding and

unwinding, assisting RNAP-II’s start of initiation.
The TBP-TFIIB-DNA ternary complex crystal structure showed that ternary
complex formation causes a small conformational change in TBP, produced by a
twisting motion of one domain relative to the other [128]. In this complex, the
rotational displacement of the two domains is intermediate between DNA-bound
and apo-TBP. TFIIB was found to act as a clamp, binding to TBP in its cleft and
interacting with the backbones of the coding and non-coding DNA strands upstream
and downstream of the TATA box [128]. There are no contacts between TFIIB
and major or minor groove edges of bases within the TATA-box element; rather,
the basic surface of TFIIB interacts with the negatively charged phosphodiester
DNA backbones [128]. Thus, TFIIB enhances the affinity of TBP for the core
promoter. In addition, TFIIB binds to the BRE promoter DNA element, making
major groove contacts with the fourth and fifth α-helices, which intercalate with
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the DNA [110]. More importantly, TFIIB’s central role is to recruit RNAP-II to
the promoter DNA. The crystal structure of TFIIB complexed with RNAP-II not
only elucidated TFIIB’s structure, but also revealed the mode of interaction between
TFIIB and RNAP-II [98], [113]. TFIIB was found to have an N-terminal zinc ribbon
domain (B-ribbon), and a C-terminal domain (B-core, comprising two cyclin folds),
while the connecting region was divided into the B-linker region, which comprises
a helix and a β-strand, and a B-reader region, which comprises a loop and a helix
(Figure1.6) [98], [113]. The B-ribbon binds to RNAP-II, while the B-core binds to
DNA and TBP [98]. In the TFIIB-RNAP-II crystal structure, TFIIB extends from
the dock domain (B-ribbon) via the RNA exit tunnel to the hybrid-binding site
and active centre (B-reader), to the rudder and clamp (B-linker), and to the cleft’s
protein wall (B-core) (Figure1.7) [98]. TFIIB does not interact with Rpb4/7 in the
structure, suggesting that the requirement of Rpb4/7 for initiation stems from a role
in stabilising the clamp, which binds to the TFIIB’s linker [98]. TBP was modeled
on the other hand on the RNAP-II upstream face [98].
In order to obtain the closed promoter complex, the TFIIB-TBP-DNA complex
was aligned with the TFIIB-RNAP-II crystal structure [98], [113]. It was found
that downstream DNA runs between the clamp and the protrusion along the edges
of the cleft towards the jaws, while upstream DNA extends along the Rpb2 side,
where promoter DNA is initially recruited to RNAP-II by the B-ribbon that binds
to the dock domain (Figure1.7)[98]. The DNA path is in agreement with the results
obtained by hydroxyl radical cleavage of bound PIC to promoter DNA [123]. In
order to obtain the open promoter complex, the DNA from the elongation complex
structure ([126]) was placed in the TFIIB-RNAP-II crystal structure ([98]). It was
found that the point of DNA opening lies above a tunnel lined by the B-core, Blinker, B-reader and the RNAP-II protrusion, fork loop 1 and rudder (Figure1.7) [98],
[113]. Thus, the transition from the closed to the open promoter complex involves
a rotation of the downstream DNA duplex and slippage of the template strand into
the template tunnel and active centre, probably aided by movement of the flexible
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Figure 1.6: Two main eukaryotic transcription factors are involved in the initial
recruitment of RNAP-II onto DNA, TBP and TFIIB. (A) TBP displays a two-domain
DNA-binding fold, and the protein’s approximate two-fold intramolecular symmetry generates
a saddle-shaped structure dominated by a curved antiparallel β-sheet, forming a concave
DNA-binding surface. Contacts with the DNA minor groove are made with a β-sheet. (B)
TFIIB is subdivided into four proteins regions. The C-terminal domain consists in the Bcore, which comprises two cyclin folds, the N-terminal cyclin fold being shown in the figure,
while the C-terminal cyclin fold is not resolved. The B-linker comprises a helix and a βstrand, while the B-reader comprises a loop and a helix. Finally, the N-terminal domain
consists in the B-ribbon, which is a zinc ribbon domain. The PDB code for the TBP-DNA
crystal structure complex is 1RM1, while the PDB code for the TFB crystal structure is
3K1F.

fork loop 1 (Figure1.7). This model was subsequently confirmed, where crystal
structures revealed that downstream DNA resides in the cleft as in the elongation
complex, while the template strand extends over the bridge helix into the active
centre generally along the path it takes in the elongation complex [42], [112]. Also,
the B-linker is located between duplex DNA in the closed promoter complex and the
template single strand in the open promoter complex, suggesting that it is involved
in promoter opening [98]. DNA melting starts at around 20 base pairs downstream
of the TATA box [98]. After open complex formation, the RNAP-II scans the DNA
for an initiator (Inr) sequence motif that defines the transcription start site (TSS).
Scanning involves threading of the template strand through the template tunnel
along the active site, which is flanked by the B-reader, until an Inr sequence is
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detected by the B-reader (Figure1.7) [98]. Indeed, in the open promoter complex,
a conserved Inr T residue is adjacent to the B-reader helix, while the B-reader loop
recognises the beginning of the Inr sequence and stabilises the first two nucleotides
in the active centre [98]. The B-reader loop also contains the invariant Arg78 residue
that may reach near the active site, which together with other conserved residues
such as Glu62, once mutated, lead to TSS shifts [98]. RNA growth results in short
DNA-RNA hybrids that are transiently bound by RNAP-II and TFIIB, leading to
frequent ejection of short RNAs due to interference of the growing RNA with the
B-reader loop [98], [113]. Promoter escape occurs when the transcript is at least
seven nucleotides and long enough to form a stable RNA-DNA duplex of eight to
nine base pairs, upon which TFIIB is released [98] [78].
The TBP-TFIIA-DNA ternary complex crystal structure showed that the
primary interaction of TFIIA and TBP is between two parallel β-strands, which
results in a 16-strand β-sheet in the complex [156]. TFIIA binds DNA exclusively
through phosphate backbone contacts made within the TATA box and with bases
upstream of it [156]. Also, the orientation of TBP with respect to that of the DNA
was found to have changed by slipping two base pairs downstream along the DNA,
as compared to the TBP-DNA binary complex [156].
In the RNAP-II-TFIIB-TFIIE crystal structure, the location of TFIIE suggests
a direct role in events involving the arm around the cleft, where it may promote
the closure of the arm by bridging the remaining gap [108]. Indeed, cross-linking
results and EM data showed that the Rpb1’s clamp domain interacts with TFIIE
(Figure1.8) [37], [74]. TFIIE makes also extensive interactions with promoter DNA
just downstream of the TATA box, and with and downstream of the transcriptionbubble region, thus facilitating ss-DNA formation [123], [80].
Comparison of the RNAP-II-TFIIF crystal structure with the one of RNAP-II
alone suggests a rearrangement of the RNAP-II induced by binding of TFIIF [43].
Specifically, binding of TFIIF to RNAP-II causes a rotation of the shelf and jaw
lobe module and pushes apart the Rpb1 and Rpb8 feet ([43]), possibly through
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Figure 1.7: TFIIB (green) extends into the active centre of the RNAP-II (grey) with its
B-reader domain from the B-ribbon, to the rudder and clamp domain with its B-linker, and
to the cleft’s protein wall with its B-core. (A) Modeling of the closed-complex revealed that
the DNA runs over the RNAP-II, where the DNA runs over the clamp and the protrusion
along the edges of the cleft. (B) The point of DNA opening in the open-complex lies above a
tunnel lined by the B-core, B-linker, B-reader and the RNAP-II protrusion. The transition
from the closed to the open complex involves a rotation of the downstream DNA duplex and
slippage of the template strand into the template tunnel and active centre. An Inr sequence
is scanned for by the B-reader as the template strand is threaded into the tunnel. The figure
is recreated from [98] and [112], where the PDB code for the RNAP-TFIIB crystal structure
complex is 3K1F.

association with Rpb1, Rpb2 and Rpb9 (Figure1.8) ([183], [74]), which is part of the
jaw lobe module. A portion of TFIIF is also closely associated with the active site
cleft and with the clamp, explaining the function of TFIIF in modulating interactions
between RNAP-II and DNA [43], [37]. Furthermore, TFIIF interacts with TFIIB to
affect TSS selection [57]. Finally, TFIIF was found to interact with promoter DNA
both upstream and downstream of the TATA box ([123]), and to promote efficient
promoter escape [181].
TFIIH is the responsible factor for Rpb1 phosphorylation, promoter melting, and
promoter clearance. The role of TFIIH in promoter melting is to melt about one turn
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of DNA encompassing the transcription start site to yield the transcription bubble.
This process requires ATP and is mediated by the XPB subunit of TFIIH, which,
in isolation, exhibits 3’-5’ DNA-helicase activity. XPB acts as a molecular wrench
interacting with downstream DNA to generate the torque that nucleates formation
of the transcription bubble, where the presence of Rpb1, Rpb2 and Rpb5 on adjacent
faces of the downstream DNA segment would preclude XPB from rotating by one
full turn in a single step [93]. Therefore, XPB acts as a ratchet wrench, affecting
rotation by one full turn in multiple smaller increments [93]. TFIIF, TFIIE or both
would next insert residues between ds-promoter DNA to initiate and stabilise ssbubble formation. This would be followed by insertion of the ss-template strand
into the RNAP-II cleft. Perhaps promoted by the helicase activity of XPB, sstemplate DNA would be fed through the RNAP-II cleft until a suitable TSS was
encountered. TFIIH also stimulates efficient promoter escape, which requires ATP
too and is again mediated by XPB [78]. Furthermore, in addition to promoter DNA
binding, TFIIH interacts with the stalk domain, at the site of interaction with TFIIE
(Figure1.8) [93], [74]).
Finally, the carboxy-terminal domain (CTD) of RNAP-II consists of up to 52
repeats of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser [120]. Other proteins often
bind the CTD of RNAP-II in order to activate polymerase activity. It is the protein
domain that is involved in the initiation of transcription, the capping of the RNA
transcript, and attachment to the spliceosome for RNA splicing [151].

1.3.6

Other Eukaryotic Polymerases

RNAP I and RNAP-III share a structurally conserved core with RNAP-II, with the
Rpb4/7 related heterodimeric subcomplexes A14/43 ([134], [100], [21]) and C17/25
respectively [60], [85], [56], [115]. In addition, RNAP I contains the subcomplex
A49/34.5, while RNAP-III contains subcomplexes C37/53 and C82/34/31[56].
In particular, RPC34 has been proposed to be related to the TFIIE-β subunit
(Figure1.9), in that it contains two adjacent winged helix (WH) domains in the
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Figure 1.8: EM data has revealed the binding sites for TBP, TFIIB, TFIIA, TFIIE,
TFIIF and TFIIH. The in vitro reconstitution of this process suggests a sequential assembly
pathway model for transcription initiation. TFIID, which comprises TBP, is the first factor
which is recruited to the promoter. TFIIA and TFIIB are then recruited, further stabilising
the interaction between TBP and promoter DNA. Subsequently RNAP-II, most likely in
association with TFIIF, adds to the growing RNAP-II pre-initation complex. Finally, TFIIE
and TFIIH, which is required for DNA melting, are recruited to form the transcriptionally
competent pre-initation complex. The figure is recreated from [74].

N-terminal region similarly to TFIIE-β, which contains WH domains [61]. Also,
the WH domains in RPC34 are located on the clamp over the cleft similarly to
TFIIE ([161]), where it has been proposed that RPC34 has a function in DNA
opening (Figure1.9) [29]. Finally, TFIIB-like factors are also used, where TBP has
a conserved role in binding TFIIB-like factors. For example, RNAP-III initiation
requires the TFIIB-related factor 1 (Brf1 or TFIIIB70), which together with TBP
and TFIIIB90 forms the transcription factor TFIIIB [89]. TBP also interacts with
TFIIIC and SNAPc, which are required for recruitment of RNAP-III and TFIIIB at
promoters. Importantly, while TBP and TFB directly recruit RNAP-II to the preinitiation complex, RNAP-III requires the RPC34 subunit to mediate the interaction
between TFIIIB70 and RNAP-III ([29], [91], [173]), where both the N-terminal
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and C-terminal region of TFIIIB70 contribute to RPC34 binding [91], [5]. Also,
the interaction between RPC34 and TFIIIB70 was found to be necessary for open
promoter complex formation [29].
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DNA
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RPC34

TFIIE

RNAP II

RNAP III

Figure 1.9: Locations of TFIIE on RNAP-II and the TFIIE-related RNAP-III-specific
RPC34 factor on RNAP-III. (A) TFIIE is located on the clamp domain on RNAP-II. (B)
RPC34 is known to interact directly with subunit Brf1 of TFIIIB, where it is hypothesised
that the RPC34 subunit is located to the RNAP-III saddle and stalk, allowing Brf1 to link the
stalk subunits and the C82/C34/C31 subcomplex. The figure is recreated from [160], where
the PDB code for the RNAP-II crystal structure is 3FKI. The RNAP-II protein backbone is
used to also represent RNAP-III, as RNAP-III structures obtained in complex with C17/25,
C37/53 and C82/34/31 are RNAPII-based homology models.

1.4

Archaeal Transcription

As opposed to the eukaryotic three RNAPs, only a single RNAP is found in Archaea.
It is similar in structure and subunit composition to RNAP-II, as opposed to the
bacterial RNAP. The Sulfolobus RNAP contains 13 subunits, with a core of Rpo1N,
Rpo1C, Rpo2, Rpo3, Rpo5, Rpo6, Rpo8, Rpo10, Rpo11, Rpo12 and Rpo13 subunits,
and a peripheral heterodimer of Rpo4 and Rpo7 subunits (Figure1.10). It also lacks
the CTD of RNAP-II.
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Figure 1.10: Subunit composition in RNAP I, II and III. The Rpb5, Rpb6, Rpb8, Rpb10
and Rpb12 subunits are shared between RNAP I, II and III. The crenarchaeal RNAP has
13 subunits homologous to the eukaryotic RNAPs, specifically RNAP-II, with the exception
of Rpb9. Furthermore, the Rpo1 subunit is split into Rpo1N and Rpo1C. Moreover, the
archaeal RNAP contains an archeaeal-specific extra subunit, denoted as Rpo13. In addition,
an archaeal homologue of the RNAP-III-specific RPC34 subunit has been identified. The
figure is recreated from [14].

1.4.1

Archaeal RNAP’s Overall Structure

The initial S. solfataricus RNAP crystal structures revealed that the relative
positioning of the RNAP core and stalk are highly conserved between the
archaeal RNAP and the three classes of eukaryotic RNAPs, in particular RNAPII (Figure1.11) [79].

Conserved structures were found near the active centre

and DNA binding channel [79]. Hence, the fundamentals behind the mechanism
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of transcription are conserved between the archaeal and eukaryotic RNAPs.
Furthermore, a striking structural conservation distributed throughout the entire
structure in terms of overall architecture, subunit arrangement, composition and
topology occurs between the two RNAPs with only slight differences. The largest
Rpo1 subunit is split into two polypeptides in Archaea, which are encoded by
separate genes in an operon, as opposed to the single eukaryotic Rpb1 subunit.
Sequence alignments revealed that the archaeal Rpo1N and Rpo1C subunits
correspond to the N-terminal two-thirds and the C-terminal heptad repeat of the
Rpb1 subunit, respectively, and that the junction between Rpo1N and Rpo1C is
positioned at the Rpb1 ‘foot’ domain [79]. The archaeal ‘foot’ domain consists of four
α-helices, which, despite a more complex architecture of the eukaryotic ‘foot’ domain,
are conserved in the latter domain [79]. On the other hand, structural similarity
between Rpb2 and Rpo2 is higher [79]. Upon solving of the crystal structure of
the Rpo3/ Rpo11 complex, which forms a platform for assembly for the Rpo1 and
Rpo2 subunits, it was found that the Rpo3 subunit contains an 3Fe-4S cluster [79],
[107]. The 3Fe-4S cluster binding domain is unique to the Sulfolobus RNAP since
the corresponding region in Rpb3 forms a loosely packed domain called the ‘loop’,
and is thought to play a structural role, since its absence causes Rpo3 aggregation
[79]. Also, four cysteine residues in the Rpo3 subunit form two disulfide bonds,
while the same residues in Rpb3 chelate a zinc ion [79]. Finally, the major distinct
structural differences between the two RNAPs are limited to the side of the face
that faces downstream DNA in the transcription elongation complex (Figure1.11).
Of all the subunits, Rpo5 differs the most in size to Rpb5, the latter being being
composed of a jaw and assembly domain [46]. Only the assembly domain is present
in Rpo5, since it lacks the first 130 residues of Rpb5. Thus, all the differences
between the archaeal RNAP and RNAP-II can be classified as simple additions of
RNAP-II-specific polypeptides to the archaeal RNAP, which include the addition of
the eukaryotic-specific Rpb9 subunit and the Rpb1 C-terminal domain as well as the
Rpb5 jaw domain, rather than changes to the core structure [79]. Hence, the archaeal
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RNAP is not only a simplified version of its eukaryotic RNAP-II counterpart but
also an excellent model system for understanding the molecular basis of eukaryotic
transcription.

A

B

Rpo1N
Rpo1C

Rpb9

Rpo13

RNAP II

Ssh RNAP

Rpo1N Rpo1C Rpo2 Rpo3 Rpo4 Rpo5 Rpo6 Rpo7 Rpo8 Rpo9 Rpo10 Rpo11 Rpo12

Figure 1.11: Structural comparison of the eukaryotic RNAP-II with respect to that of the
archaeal RNAP from S. shibatae (Ssh). (A) The eukaryotic RNAP-II contains 12 subunits,
where Rpb9 is eukaryotic specific. (B) The archaeal Ssh RNAP is similar in its overall
structure and subunit composition to RNAP-II. It contains 13 subunits which are homologous
to RNAP-II, denoted as Rpo1-13. The Rpo1 subunit is split into Rpo1N and Rpo1C. Also
the eukaryotic-specific Rpb9 subunit does not have an archaeal counterpart. Furthermore,
a newly identified, archaeal-specific subunit denoted as Rpo13 has been identified, which
occupies a position equivalent to the eukaryotic Rpb5 jaw domain. The figure is recreated
from [96], where the PDB code for the RNAP-II crystal structure is 3FKI, while the PDB
code for the archaeal RNAP crystal structure is 2WAQ.

More importantly, collaboratory work performed by Dr. Nicola Abrescia and
Prof. Stephen Bell have led to the resolution of the S. shibatae RNAP crystal
structure, revealing new Rpo8 and Rpo13 subunits [96]. Indeed, it was initially
believed that archaeal RNAPs from both the Euryarchaeota and Crenarchaeota did
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not possess Rpb8 orthologs [170], [132]. Resolution of the Pyrococcus furiosus RNAP
crystal structure from the Euryarchaeota kingdom revealed no density was present
at the locations for the RNAP-II subunit Rpb8 [101]. However, divergent Rpb8
homologs were found in the Crenarchaeota ([102], [171]), where the Rpo8 subunit
was initially defined ([104]), but its similarity to Rpb8 was not recognised since it
shares the lowest sequence identity of all archaeal and eukaryotic subunits. Korkhin
and coworkers subsequently confirmed that Rpo8 is a constitutive structural element
of the S. shibatae RNAP [96]. Furthermore, a new density corresponding to a helixturn-helix (HTH) motif with α1 and α2 helices and a third, positively charged
C-terminal domain was found to fit in a groove created by the assembly domain of
Rpo5 and the clamp-head domain of Rpo1N, which has a longer HTH motif than
Rpb1’s one [96]. This density corresponded to a previously reported RNAP subunit
named component F [104], comprising 104 residues of which the 45-residue HTH
motif constitutes an ordered fragment with flexible N- and C-termini [96]. The
subunit was renamed as Rpo13. Thus, the Rpo13 subunit does not have an ortholog
in RNAP-II and is unique to the archaeal RNAP, occupying a position equivalent
to the Rpb5 jaw domain (Figure1.11). More specifically, sequence analysis showed
that the Rpo13 gene has orthologs in the orders Sulfolobales and Desulfurococcales
of the Crenarchaeota as well as being present in the Korarchaeota, but not in the
Thaumarchaeota and Euryarchaeota [96], [180]. Rpo13’s presence was also confirmed
also in the S. solfataricus RNAP structure obtained by Hirata and coworkers ([79])
upon comparison with the S. shibatae RNAP structure [96]. Finally, resolution of the
first S. shibatae RNAP crystal structure in the presence of a bubble DNA substrate
revealed that, while interactions of the RNAP with the DNA are equivalent to those
observed in the RNAP-II-DNA crystal structure, further differences occur at the far
end of the DNA-binding channel. Indeed, it was observed that the fork loop 2 as
well as switches 1 and 2 are in close proximity to the template strand, with bending
of the bridge helix and a disordered trigger loop similarly to the RNAP-II-DNA
crystal structure [180]. On the other hand, stabilisation of the downstream DNA
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occurs by the jaw lobe module’s Rpo1 subunit, which is further in the clef due to the
absence of an Rpb9’s archaeal equivalent [180]. In addition, the DNA path deviates
from the one of the RNAP-II-DNA complex ([180]) due to the absence of the Rpb5
jaw domain, which helps DNA docking and defines its trajectory. Also, no open to
close movement of the clamp upon DNA binding occurs [180].
Furthermore, the Rpo4/7 stalk complex is stably associated with the archaeal
RNAP ([68]), while the Rpb4/7 stalk is reversibly associated with the RNAP-II in
yeast [130]. In addition to modulation of the clamp conformation and RNA binding
both in vitro and in vivo, the Rpo4/7 stalk has been proposed to have the function
of facilitating transcription bubble formation of the archaeal RNAP-promoter DNA
complex ([127]) through interaction with the TFE factor ([133], [172]), which is
monomeric and corresponds to the N-terminal half of the TFIIE-α subunit. Indeed,
analysis of the Rpo4/Rpo7 stalk of the S. shibatae RNAP suggested that the Cterminal helix 6 (H6) of Rpo4 can move from its location, possibly contributing to
the interaction with TFE [96]. Reconstitution experiments showed that addition of
Rpo7 marginally increased promoter opening, while addition of both Rpo7 and TFE
drastically increased promoter opening [127]. Also, Rpo7 catalyses open complex
formation, while TFE stimulates bubble opening further at the upstream end of
the bubble in the proximity of the transcription start site ([127], ([172]), which
is mediated by interactions between the TFE WH domain and the non-template
strand of the promoter DNA [119], [127]. Furthermore, TFE was found to stabilise
open complexes in the absence of the Rpo4/7 stalk, indicating that TFE is able to
interact with RNAP in the absence of the Rpo4/7 stalk, although TFE’s effect is
greatly enhanced by Rpo4’s presence [127], [133], [172]. Thus, Rpo7 and TFE work
synergistically during promoter opening. A similar situation parallels the Rpb4/7
stalk in RNAP-II, since it has been shown to interact with TFIIF, which interacts
with promoter DNA [123].
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1.4.2

Archaeal Transcription Factors

The basal archaeal transcription machinery is fundamentally related to the eukaryal
one. In addition to the archaeal RNAP, which is related to RNAP-II, Archaea
possess TBP and TFB, which are respectively related to the eukaryotic TBP
and TFIIB/TFIIIB70. Specifically, archaeal TBPs lack any extensive N-terminal
extension and display homology to the conserved C-terminal domain of eukaryotic
TBP, with a unique and short acidic C-terminal tail in most Archaea [13]. Since
no archaeal homologues of TAFs appear to exist, TBP is thought to exist as a
homodimer in archaeal extracts [138]. In vitro transcription assays have shown that
TBP in conjunction with TFB are sufficient for accurate and efficient transcription
([77], [138]), with TFE playing only a stimulatory role under conditions where
promoter recognition by TBP is sub-optimal in the Crenarchaeota [12], [72]. This
minimal subset of factors in conjunction with RNAP is able to catalyse in vitro
transcription initiation even on topologically unfavourable templates [17]. This is
in contrast with the multitude of eukaryotic factors involved in the RNAP-II basal
apparatus, homologues of which are absent in Archaea except for TFIIH’s subunits
XPB and XPD, which however are involved in nucleotide excision repair [142], [147].
Thus, the opening of archaeal promoters is not ATP hydrolysis-driven. Instead, it
was proposed that thermal energy is required to facilitate DNA melting, since it was
found that localised melting on all templates occurs at higher temperatures similar
to the ones needed for organism growth [17]. On the other hand, the reduced
thermodynamic input at lower temperatures was insufficient to assist the RNAP in
overcoming the resistance to melting in the overwound, positively supercoiled DNA
[17].
Co-crystallisation of TBP and a C-terminal core domain of TFB on an archaeal
promoter DNA revealed that TBP and TFB recognise respectively TATA and BRE
promoter elements ([97], [110], [139], [18]), which are conserved in archaeal promoters
similarly to eukaryotic promoters. Specifically, while the overall fold of TBP and
TFB is similar to the eukaryotic counterparts, the archaeal TBP-DNA interface was
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found to be more symmetrical due to more perfect TBP and TFB repeats, where
upon analysis of the crystal structure it was initially suggested that the orientation of
the pre-initiation complex assembly on the promoter is inverted with respect to that
observed in the equivalent crystal structures of eukaryotic systems [97]. However,
subsequent studies showed that the TFB’s interaction with the BRE element is
the principal determinant of transcriptional polarity in Archaea, where the solution
orientation of the TBP and TFB complex on the DNA was found to be the same as
in the eukaryal complex due to the presence of the BRE element previously missing
in the crystal structure [18], [110]. Therefore, TBP and TFB cooperatively bind
to DNA [138], [15], [146], [73]. Furthermore, the N-terminal zinc-ribbon domain of
TFB is involved in RNAP recruitment through the Rpo6 subunit ([15], [116], [172]),
where, upon establishment of a stable pre-initiation complex, promoter clearance and
productive transcription is facilitated by a conserved TFB motif located between the
N-terminal zinc-ribbon and C-terminal core domain [15], [172]. A highly conserved
Glu46 residue was found to affect TSS selection once mutated ([15]), similarly to
the Glu62 residue in TFIIB [98]. Furthermore, TFB’s action is complemented by
the one of TFE, which shows that both of these factors act synergistically during
transcription initiation [172].
More importantly, while in vitro transcription reconstitution assays with purified
RNAP and recombinant TBP and TFB showed that the same transcription levels
from various promoters can be obtained as when directed by crude S. shibatae cell
extracts ([138]), one exception to this general finding was the structural 16S/23S
rRNA promoter, where different transcription levels were observed [138].

This

suggests the existence of additional regulatory factors, which may be involved in
the transcription of non-coding genes in addition to the basal archaeal transcription
machinery.

Indeed, recent analysis of the Thaumarchaeota and Crenarchaeota

archaeal genomes has identified a homologue of the eukaryotic RNAP-III-specific
RPC34 subunit [22].

The archaeal RPC34 was found to have a WH domain

as well as a zinc-finger domain shared with most eukaryotic RPC34 sequences
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[22].

Analysis of the genomic context of the archaeal RPC34 revealed the co-

localisation of this gene with factors involved in the transcription, modification and
processing of structural rRNAs and tRNAs, such as a tRNA pyrophosphorylase and
a paralogue of TFB referred to as TFB-2 [22]. Indeed, multiple archaeal TBPs
and TFBs have been reported to be functional [10]. TFB-2 may therefore interact
with the archaeal RPC34 for the transcription of structural promoters similarly to
the eukaryotic interaction between RPC34 and TFIIIB70 [29], [91], [173]. Thus,
RPC34 may be involved in the transcription of non-coding rRNA and tRNA genes.
More importantly, it may associate with the single archaeal RNAP, modulating
the specificity of the archaeal RNAP and generating a precursor of the eukaryotic
RNAP-III. The split of RNAP into the various forms of RNAPs dedicated to the
transcription of specific protein-coding and structural genes may have thus already
occurred in Archaea. While Qureshi and coworkers showed that transcription from
the 16S/23S rRNA promoter could be successfully initiated in the absence of RPC34
indicating that there is no strict RPC34 requirement for promoter recognition and
RNAP recruitment, the different transcription levels obtained by the reconstituted
system and crude cell extract suggest that additional factors such as RPC34 might
involved in the regulation of the promoter [138]. The WH domain might mediate
protein-DNA interactions, considering that the eukaryotic RPC34 was cross-linked
to DNA in transcription initiation complexes [11]. Alternatively, RPC34 might
simply help the recruitment of the archaeal RNAP through interaction with its
clamp domain similarly to the RNAP-III system ([136]), increasing transcription
levels, or may have no role in transcription.
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Chapter 2

Experimental Aims
1. The newly identified Rpo13 subunit occupies a position in the archaeal RNAP
which, in RNAP-II, is occupied by the eukaryotic-specific Rpb5 jaw domain
which is involved in downstream DNA binding. It also has a third positively
charged tail. Therefore, it has been proposed that Rpo13 might interact with
DNA, where, at initiation, the C-terminal third tail could provide a lock point,
against which the main RNAP body can push or twist the DNA, while α1 and
α2 helices act as constitutive anchors onto the RNAP [96]. During elongation,
these locking interactions would be overcome by translocation forces but may
still affect DNA duplex stability [96]. Thus, Rpo13 may perform some of the
roles attributed to the eukaryotic-specific initiation factors missing in Archaea.
The various aims for the Rpo13 study are:
• To clone, express and purify for the first time the newly
identified archaeal-specific Rpo13 subunit.

• To raise an antibody against the newly purified Rpo13.

• To test for an association between Rpo13 and DNA, to
assess whether the third positively charged tail is the major
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determinant of DNA binding, and whether Rpo13 associates
with the major or minor groove of DNA or in a way to introduce
DNA torsional stress to generate supercoiled DNA.

• To test whether Rpo13 is a bona fide subunit of the archaeal
RNAP, or whether it temporarily associates with the RNAP, in
similarity to a transcription factor as opposed to a true subunit.

• To study the function of Rpo13 in the context of transcription.

2. The newly identified archaeal RPC34 homologue was found to be co-localised
from a genomic point of view with factors involved in the transcription,
modification and processing of structural rRNAs and tRNAs, such as a tRNA
pyrophosphorylase and a paralogue of TFB referred to as TFB-2 [22]. RPC34
may therefore associate with TFB-2 in analogy to TFIIIB70, and could
be involved in the recruitment of the archaeal RNAP in similarity to the
recruitment of RNAP-III by the RPC34-TFIIIB70 complex [29], [91], [173].
The archaeal RNAP would be directed by the RPC34-TFB-2 complex to the
transcription of non-coding genes, where RPC34 would have a regulatory role
since it would increase transcription levels of this subset of genes. RPC34’s
association with the single archaeal RNAP would therefore define a precursor
of the eukaryotic RNAP-III, where RPC34 would modulate the specificity of
the archaeal RNAP. The various aims for the RPC34 study are:
• To clone, express and purify for the first time the newly
identified RPC34 archaeal homologue.

• To raise an antibody against the newly purified RPC34.
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• To test for an in vitro and in vivo interaction between RPC34
and the single archaeal RNAP.

• To test for an in vitro interaction between RPC34 and TFB-2.

• To

co-express

recombinant

RPC34

in

conjunction

with

recombinant TFB-2 to test whether a soluble complex is
obtained.

• To test whether RPC34 is cell cycle regulated in similarity to
TFB-2, in a way to associate with the archaeal RNAP only at
a certain cell cycle stage.

3. Rpo13 was found to be an integral subunit of the archaeal RNAP upon
crystallisation of the latter [96]. Nonetheless, it remains to be tested whether
Rpo13 is a bona fide subunit of the archaeal RNAP in vivo in its elongation
stage, or whether it temporarily associates with the archaeal RNAP in a
transcription-factor like mode. The various aims for the study of Rpo13’s
genomic location are:
• To use the antibody raised against Rpo13 in conjunction with
the one previously raised against Rpo2 in order to perform a
chromatin-immunoprecipitation (ChIP)-sequencing experiment
which would yield insights into the genomic distribution of Rpo2
versus the one of Rpo13.

• To

perform

a

RNA-sequencing

experiment,

which,

in

conjunction with the previous ChIP-sequencing experiments,
would allow for the comparison of RNAP distribution versus
34

transcript expression and abundance.
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Chapter 3

Materials and Methods
3.1

Cloning

All primers were bought from Eurogentec S.A and are described in (Table3.1) and
(Table3.2). Open reading frames were amplified by polymerase chain reaction (PCR)
and cloned into expression plasmid vectors via restriction enzyme digestion (NEB) as
described in (Table3.1) and (Table3.2) with a subsequent ligation reaction catalysed
by T4 DNA ligase (NEB). E.coli XL-10 competent bacterial cells (Tetr ∆(mcrA)183
∆(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F
proAB lacIqZ∆M15 Tn10 (Tetr) Amy Camr ] were transformed with the ligation
reactions. Specifically, E.coli cells were incubated with the ligation reactions for
30 minutes at 4 ◦ C on ice, followed by a heat-pulse in a 42 ◦ C water bath for 30
seconds and a subsequent incubation on ice for 2 minutes. One ml of pre-heated
luria-bertani (LB) medium was added to the ligation/bacterial cell sample mix,
where the sample was incubated at 37 ◦ C for one hour with shaking at 225-250
rpm. The transformation mixture was then plated on LB agar plates containing the
appropriate antibiotic (Table3.1) and (Table3.2) for on-night incubation at 37◦ C.
Colony PCR was performed for the screening of bacterial colonies containing the
plasmid with the correct insert, where positives where grown overnight, followed by
plasmid isolation and sequencing (Geneservice UK, Oxford).
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Gene

Saci_number

Expression
Plasmid

Rpo13
S. acidocaldarius

Saci_0816

pET30a

F GGGCATATGTCTGAGGACGATTCTAAAAAG
R GGGGAATTCTCATTCTTCTTCCTCATCAGATTTC

NdeI
EcoRI

Kanamycin

Rpo13
S. acidocaldarius
(His-tag)

Saci_0816

pET30a

F GGGCATATGTCTGAGGACGATTCTAAAAAG
R GGGGAATTCTTCTTCTTCCTCATCAGATTTCTTAG

NdeI
EcoRI

Kanamycin

Rpo13
S. shibatae
(No His-tag)

pET30a

F GATTCCCCATATGGTATCTGGTATGTCAACAG
R GAATTTCCTCGAGTTAACCCTCTACACTCTTTTC

NdeI
XhoI

Kanamycin

Rpo13
S. shibatae
(His-tag)

pET30a

F GATTCCCCATATGGTATCTGGTATGTCAACAG
R GAATTTCCTCGAGACCCTCTACACTCTTTTC

NdeI
XhoI

Kanamycin

Primers

R.E.
Antibiotic
used

RPC34
S. acidocaldarius

Saci_1342

pET33b

F GAATTCCCATGGGGAAAGAGAATATATTATTTG
R GAATTCCTCGAGTTATCCAGCAGAAACACTAGTT

NcoI
XhoI

Kanamycin

RPC34-GST
S. acidocaldarius

Saci_1342

pET42a

F GAATTCCCATGGGGAAAGAGAATATATTATTTG
R GAATTCCTCGAGTTATCCAGCAGAAACACTAGTT

NcoI
XhoI

Kanamycin

RPC34-His
S. acidocaldarius

Saci_1342

pET33b

F GAATTCCCATGGGGAAAGAGAATATATTATTTG
R CCCCTCGAGTCCAGCAGAAACACTAGTTAAG

NcoI
XhoI

Kanamycin

TFB-2 Entire
S. acidocaldarius

Saci_1341

pET33b

F GAATTCCATGGAATGTAAAATCTGTGGCAGTGAG
R GGAATTCCTCGAGAAGCTTTACTTCTATGTCAAAAGCCTTT

NcoI
XhoI

Kanamycin

TFB-2 Core
S. acidocaldarius

Saci_1341

pET33b

F GAATTCCCATGGAAATAGGATATACTAAAATCAAAGACCGAATAAA
R GGAATTCCTCGAGAAGCTTTACTTCTATGTCAAAAGCCTTT

NcoI
XhoI

Kanamycin

TFB-2
S. acidocaldarius

Saci_1341

pET-Duet-1

F GAATTCCATGGAATGTAAAATCTGTGGCAGTGAG
R GGAATTCCTCGAGAAGCTTTACTTCTATGTCAAAAGCCTTT

NcoI
XhoI

Ampicillin

RPC34
S. acidocaldarius

Saci_1342

pRSF-Duet-1

F GAATTCCCATGGGGAAAGAGAATATATTATTTG
R GAATTCCTCGAGTTATCCAGCAGAAACACTAGTT

NcoI
XhoI

Kanamycin

RPC34 S. acidocaldarius
RPC34 S. acidocaldarius
Rpo13 S. acidocaldarius
TFB-2 S. acidocaldarius
TFB-2 S. acidocaldarius
TFB S. acidocaldarius
TFB S. acidocaldarius

Saci_1342
Saci_1342
Saci_0816
Saci_1341
Saci_1341
Saci_0866
Saci_0866

Table 3.1: A table showing all the genes cloned into their corresponding plasmid expression
vectors with the described primers. All the primers were used to amplify the genes with PCR
reactions, where the PCR amplicon was subsequently digested with the appropriate pair of
restriction enzymes and ligated into the vectors. Selection of positive E.coli transformants
was performed with the correct antibiotic, which selects for plasmid-containing E.coli cells.

3.2

Recombinant Protein Purification

E. coli Rosetta bacterial cells [(F− ompT hsdSB (rB − mB − ) gal dcm (DE3)
pLysSpRARE23 (CamR )] transformed with the engineered plasmids were grown in
LB medium at 37 ◦ C to OD600 = 0.6 and induced with 1 mM IPTG for 4 h.
Cultures expressing Rpo13 protein were centrifuged, where cell pellets were
resuspended in buffer containing 10 mM of Tris-HCl (pH 8) and 50 mM of NaCl.
After cell disruption with a French press and centrifugation at 17 000 rpm with
a JA-25-50 Beckman rotor, the supernatants were incubated at 70 ◦ C for 20 min
prior to protein purification. Both the S. shibatae and S. acidocaldarius Rpo13
proteins were purified by S-sepharose cation exchange chromatography (Figure3.1),
where only the initial fractions were collected for S. acidocaldarius Rpo13 due to a
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Gene

Saci_number

Yeast-two
hybrid
Plasmid

Primers

R.E. used

Antibiotic

RPC34
S. acidocaldarius

Saci_1342

pGBKT7

F GAATTCCCATGGGGAAAGAGAATATATTATTTG
R CCCGTCGACTTATCCAGCAGAAACACTAGTT

NcoI
SalI

Kanamycin

RPC34
S. acidocaldarius

Saci_1342

pGADT7

F GAATTCCCATGGGGAAAGAGAATATATTATTTG
R GAATTCCTCGAGTTATCCAGCAGAAACACTAGTT

NcoI
XhoI

Ampicillin

Rpo13
S. acidocaldarius

Saci_0816

pGADT7

F GGGCATATGTCTGAGGACGATTCTAAAAAG
R GGGGAATTCTCATTCTTCTTCCTCATCAGATTTC

NdeI
EcoRI

Ampicillin

TFB-2
S. acidocaldarius

Saci_1341

pGBKT7

F GGGGAATTCATGAAATGTAAAATCTGTGG
R CCCGTCGACTCAAAGCTTTACTTCTATGTC

EcoRI
SalI

Kanamycin

TFB-2
S. acidocaldarius

Saci_1341

pGADT7

F GGGGAATTCATGAAATGTAAAATCTGTGG
R CCCCTCGAGTCAAAGCTTTACTTCTATGTC

EcoRI
XhoI

Ampicillin

TFB
S. acidocaldarius

Saci_0866

pGBKT7

F GGGCATATGGGTGGTGAAATGGTAG
R CCCGTCGACTTATTGACTTGGAATCTG

NdeI
SalI

Kanamycin

TFB
S. acidocaldarius

Saci_0866

pGADT7

F GGGCATATGGGTGGTGAAATGGTAG
R CCCCTCGAGTTATTGACTTGGAATCTG

NdeI
XhoI

Ampicillin

Table 3.2: A table showing all the genes cloned into their corresponding yeast-two hybrid
plasmid vectors with the described primers. All the primers were used to amplify the
genes with PCR reactions, where the PCR amplicon was subsequently digested with the
appropriate pair of restriction enzymes and ligated into the vectors. Selection of positive
E.coli transformants was performed with the correct antibiotic, which selects for plasmidcontaining E.coli cells.

contaminant E.coli protein co-eluting with Rpo13 at later fractions. Specifically, a
5 ml S-sepharose HiTrap SP HP (GE Healthcare Life Sciences) column was used,
where the fluid flow rate was 2 ml/min and the NaCl elution gradient performed
over a 50 ml volume starting from 0% to 100% of 1 M NaCl with collection of
1.5 ml elution fractions, where elution of Rpo13 occurs at 60%-70% of 1 M NaCl
(Figure3.1). The identity of Rpo13 was confirmed by mass spectrometry (Oxford
University Central Proteomics Service), with a tryptic digest followed by MALDI
mass spectrometry and Mascot Database search.
Cultures expressing mutant Rpo13 proteins lacking either the negatively charged
N-terminal protein region of Rpo13 (∆N Rpo13), or the the third, positively charged
C-terminal tail (∆C Rpo13), or both of these protein regions (core Rpo13) were
centrifuged. ∆C Rpo13 and core Rpo13 cell pellets were resuspended in buffer
containing 10 mM of Tris-HCl (pH 8) and 300 mM of NaCl with subsequent cell
disruption with a French press and centrifugation at 17 000 rpm with a JA-25-50
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Figure 3.1: Rpo13’s purification with affinity S-sepharose cation exchange chromatography.
(A) Elution profile for S. shibatae Rpo13 protein, where it is found that around 60%-70% of
1 M NaCl is required for its elution. Rpo13 is found to migrate at a higher molecular weight
of around 20 kDa than its predicted 12 kDa. (B) Elution profile for S. acidocaldarius Rpo13
protein, where it is found that around 60%-70% of 1 M NaCl is required for its elution.
Only the initial fractions were pooled together for sample storage of S. acidocaldarius Rpo13
protein due to a contaminant E.coli protein co-eluting with Rpo13 at later fractions. Rpo13
is found to migrate at a higher molecular weight of around 20 kDa than its predicted 12 kDa.

Beckman rotor. All three Rpo13 protein mutants were purified by gravity-flow Ni2+ NTA affinity chromatography with a subsequent gel filtration step. Specifically, the
Rpo13 mutants were eluted from the Ni2+ -NTA beads with 500 mM imidazole,
after one initial wash with buffer containing only 10 mM of Tris-HCl (pH 8) and
either 300 mM of NaCl or 900 mM of NaCl and a second wash with the equivalent
buffers containing 20 mM imidazole. A HiLoad 26/60 Superdex 75 pg, 320 ml, gel
filtration column (GE Healthcare Life Sciences) equilibrated with buffer containing
10 mM of Tris-HCl (pH 8) and either 300 mM of NaCl or 900 mM of NaCl was
subsequently used, where the fluid flow rate was 1.5 ml/min with collection of 2 ml
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elution fractions. The ∆C Rpo13 mutant is found to elute at an elution volume of
180 ml, while the ∆N Rpo13 mutant is found to elute at an elution volume of 200
ml, and finally the core Rpo13 mutant is found to elute at an elution volume of 240
ml. The His-tag of the ∆C Rpo13 mutant was cleaved with the HRV 3C protease
(Novagen). The purity of the various Rpo13 mutants is shown in (Figure3.2).
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Figure 3.2: SDS-PAGE gel subsequently stained with Coomassie Brilliant Blue showing
purified Rpo13 mutants. These Rpo13 mutants lack either the negatively charged N-terminal
region of Rpo13 (∆N Rpo13), or the the third, positively charged C-terminal tail (∆C
Rpo13), or both of these regions (core Rpo13). The mutants are found to migrate according
to their molecular weights of 9.4 kDa for ∆C Rpo13, 9.7 kDa for ∆N Rpo13 and 6.7 kDa
for core Rpo13.

Cultures expressing recombinant, His-tagged RPC34 were centrifuged, where cell
pellets were resuspended in buffer containing 10 mM of Tris-HCl (pH 8), 300 mM
of NaCl and 8 M urea with subsequent cell disruption with a French press and
centrifugation at 17 000 rpm with a JA-25-50 Beckman rotor. His-tagged RPC34
was purified by gravity-flow Ni2+ -NTA affinity chromatography under denaturing
conditions with elution from the Ni2+ -NTA beads with 500 mM imidazole, after
40
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one initial wash with buffer containing only 10 mM of Tris-HCl (pH 8), 300 mM of
NaCl and 8 M urea and a second wash with the equivalent buffer containing 20 mM
imidazole.
Cultures expressing recombinant, His-tagged TFB-2 in either its entire or core
form were centrifuged, where cell pellets were resuspended in buffer containing 10
mM of Tris-HCl (pH 8), 300 mM of NaCl and 4 M guanidinium hydrochloride with
subsequent cell disruption with a French press and centrifugation at 17 000 rpm with
a JA-25-50 Beckman rotor. Both His-tagged entire and core TFB-2 were purified by
gravity-flow Ni2+ -NTA affinity chromatography under denaturing conditions with
elution from the Ni2+ -NTA beads with 500 mM imidazole, after one initial wash
with buffer containing only 10 mM of Tris-HCl (pH 8), 300 mM of NaCl and 4 M
guanidinium hydrochloride and a second wash with the equivalent buffer containing
20 mM imidazole.
Finally, TBP and TFB proteins were purified as previously described [15]. TBP
was purified by S-sepharose cation exchange with a 5 ml S-sepharose HiTrap SP
HP (GE Healthcare Life Sciences) column, where the fluid flow rate was 2 ml/min
and the NaCl elution gradient performed over a 100 ml volume starting from 0% to
100% of 1 M NaCl with collection of 1.5 ml elution fractions, with a subsequent
gel filtration step with a HiLoad 26/60 Superdex 75 pg, 320 ml, gel filtration
column (GE Healthcare Life Sciences), where the fluid flow rate was 1.5 ml/min
with collection of 2 ml elution fractions. TFB was purified by gravity-flow Ni2+ NTA affinity chromatography with a subsequent gel filtration step with a HiLoad
26/60 Superdex 75 pg, 320 ml, gel filtration column (GE Healthcare Life Sciences),
where the fluid flow rate was 1.5 ml/min with collection of 2 ml elution fractions.
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3.3

Antibody Raising against Recombinant Rpo13 and
RPC34

Polyclonal antibodies against recombinant, native Rpo13 and recombinant, unfolded
RPC34 in the presence of 4 M urea were raised upon protein injection into rabbits
(Eurogentec), where an immune response was generated upon four injections of 200
µg of antigen per injection. A Hi-Trap NHS-activated HP column (GE Healthcare)
was used to affinity-purify antibodies against Rpo13 from the serum, where Rpo13
protein was coupled to the column with the serum left to circulate for 2 hours through
the column. Buffer containing 100 mM glycine (pH 2.6) in 100 mM Tris was used to
elute bound antibodies, where 100 µl of 1 M untitrated Tris was immediately added
in the 1 ml elution fractions to neutralise the pH.

3.4

EMSA Analysis

Electrophoretic mobility shift assays (EMSAs) involving TBP, TFB and the TBPTFB fusion were performed with

32 P

radiolabeled dsDNA T6 promoter sequence

containing a TATA-like A box ([139]), while EMSAs involving wild-type Rpo13
as well as Rpo13 mutants were performed with the non-specific DNA sequence of
40 bp (5’ ATATTTACCTTAAGTTCTAACGTGGAAACAAAGGGGTTTT 3) in
either ssDNA form or annealed to its complementary sequence for dsDNA formation.
Protein incubation with DNA was performed in 50 mM Tris pH = 8, 25 mM
MgCl2 and 75 mM KCl. PolydGdC was added only in EMSAs involving TBP,
TFB and covalently linked TBP-TFB. Incubations were performed for 15 min at
48 ◦ C. Protein-DNA complexes were run on native Tris-glycine gels at 170 V for
2 hours. Competition assays with methyl green and netropsin were adapted from
[155].
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3.5

EMSA Analysis coupled to Western Blot Analysis

An EMSA procedure subsequently coupled to western blot analysis was performed
[50].

In this procedure, the EMSA gel is coupled with a nylon membrane

and a nitrocellulose membrane for transfer of protein-DNA complexes by wet
electroblotting, where the nylon membrane retains DNA while the nitrocellulose
membrane retains protein. A standard western blot procedure was subsequently
performed on the nitrocellulose membrane.

The nitrocellulose membrane was

blocked with 5% dry milk in TBS-T (TBS and 0.1% Tween 20) for 1 h and then
incubated for 1 h with anti-Rpo13 rabbit antibody diluted 1000-fold in TBS-T
with 5% milk. Three consecutive washes of each 10 minutes were performed with
TBS-T with 5% milk, followed by incubation with an anti-rabbit IgG horseradish
peroxidase (HRP) conjugate antibody (Fisher Scientific) diluted 10000-fold in TBST with 5% milk for 45 min and further three consecutive washes of each 10 minutes
with TBS-T with 5% milk with a final wash with TBS-T without milk. ECL
reagents (Amersham) were applied on the nitrocellulose membrane in order to
develop western blots.

3.6

Supercoiling Assays

Supercoiling assays based on a nick-closure plasmid system were adapted from
[117] and [70]. The pBR322 plasmid containing a single nick per circular molecule
was prepared by digestion with the nicking enzyme Nb.Bpu10I (NEB). The nicked
plasmid was subsequently incubated with Rpo13 protein at 48 ◦ C for 15 min, and
ligated with the T4 DNA ligase (NEB). Samples were deproteinised with proteinase
K, phenol-chloroform extracted followed by DNA precipitation in the presence of
ethanol and ammonium acetate, and analysed by agarose gel electrophoresis in either
the absence of ethidium bromide for subsequent, post-run staining with SYBR Green
I, or in the presence of ethidium bromide with a subsequent Southern blot procedure.
A 0.5 µg of pBR322 plasmid was used per reaction.
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For the Southern blot procedure, the agarose gel was soaked firstly in 0.25 M
HCl, then in 0.5 M NaOH and 10X SSC buffer. Upwards capillary transfer of
the DNA onto the nylon membrane was achieved in 0.5 M NaOH and 10X SSC
buffer, with subsequent cross-linking of the DNA to the membrane with a UV crosslinker. The membrane was then pre-rinsed with the hybridisation Church-Gilbert
buffer (7% SDS, 0.5 M NaPO4 buffer pH = 7.2, 1 mM EDTA) at 65 ◦ C for 6
hours, where a random-prime labelled reaction probe sample, obtained with 5 µl
octadeoxyribonucleotides (400 mg/ml) and a 6 µl dNTP mixture (2 µl of dCTP,
dTTP, and dGTP, each of a concentration of 0.5 mM) all from the NEB randompriming reaction kit as well as 5 µl of [α-32 P]-dATP (3000 ci/mmol, 50 µCi) in
the presence of DNA polymerase and the pBR322 plasmid, was added. The probe
was left to hybridise overnight. Washes were performed firstly with 2X SSC, 0.1%
SDS buffer twice and then with 0.5X SSC, 0.1% SDS buffer for three times. The
membrane was finally exposed to a phosphor screen.

3.7

In Vitro Transcription Assays with TBP, TFB and
the TBP-TFB Fusion

In vitro transcription assays were performed as previously described [83], [137],
[17], [18]. Briefly, reactions containing 200 ng of RNAP and transcription factor
components were assembled with the rNTP mix and a final buffer concentration
of 50 mM Tris pH = 8, 25 mM MgCl2 and 75 mM KCl as well as 100 ng of pT6
template plasmid DNA. Reactions of a 50 µl final volume were incubated at 70 ◦ C for
20 min. Reactions were stopped with buffer containing 10 mM Tris pH = 8, 10 mM
EDTA, 750 mM NaCl, 1% SDS, and that also included 1 µl of

32 P

radiolabeled T7

sequencing primer as well as 10 µg of glycogen. Reactions were phenol-chloroform
extracted, with subsequent RNA precipitation in ethanol, where RNA was reverse
transcribed into DNA with AMV reverse transcriptase (Roche). DNA samples were
subsequently analysed on a denaturing 8 M urea/acrylamide sequencing gel.
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3.8

In Vitro Transcription Assays with Rpo13

In vitro transcription assays were adapted from [122]. Briefly, reactions containing
200 ng of RNAP and transcription factor components as well as DNA substrates
were assembled with a 1.25 µl rNTP mixture of 2 mM and lacking rUTP, 0.06
µl of rUTP (2mM) and 0.5 µl of [α-32 P]-UTP (3000 ci/mmol) in a final buffer
concentration of 50 mM Tris pH = 8, 25 mM MgCl2 and 75 mM KCl. Reactions
of a 12.5 µl final volume were incubated at 70 ◦ C for 20 min, and stopped with
buffer containing 10 mM Tris pH = 8, 10 mM EDTA, 750 mM NaCl and 1% SDS.
Reactions were phenol-chloroform extracted followed by RNA precipitation in the
presence of ethanol and glycogen. RNA samples were subsequently analysed on a
denaturing 8 M urea/acrylamide sequencing gel.

3.9

Attempts at removing Rpo13 from the RNAP

The RNAP sample obtained as a gift from Dr Nicola Abrescia was passed through
a MonoQ column as described in [104]. Specifically, a mono Q HR 16/10 (20 ml)
anion exchange column (GE Healthcare Life Sciences) was used, equilibrated in
buffer containing 10 mM ammonium acetate and 20 mM Tris-HCl (pH 7.6), where
the fluid flow rate was 0.5 ml/min. An ammonium acetate gradient was subsequently
applied, increasing by 25% of 1 M ammonium acetate for the first 10 ml, then by 50%
of 1 M ammonium acetate for 30 ml, and again by 25% of 1 M ammonium acetate
for the last 10 ml, with collection of 2 ml elution fractions. Furthermore, incubation
of 40 µg His-tagged Rpo13 with 0.4 µg of RNAP for exchange of endogenous Rpo13
with recombinant Rpo13 was performed in 2X TBS buffer containing either 0.5
M NaCl in conjunction with 1% Triton X-100 or 1 M NaCl. The samples were
subsequently passed onto Ni2+ -NTA beads, where a western blot with the antibody
against Rpo2 was subsequently performed (1:1000 dilution) to test whether Histagged Rpo13 bound to the Ni2+ -NTA beads also pulls down the RNAP.
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3.10

Cell Extract Preparation

A S. acidocaldarius culture was grown in Brock’s Sulfolobus medium ([26]) until
OD600 = 0.4. Specifically, 1 X Brock’s medium was made from a 1000 X stock
solution (CaCl2 X 2H2 O, 70 g/l), a 200 X stock solution (KH2 PO4 , 56 g/l, 10 nM
MnCl2 , 120 nM Na2 B4 O7 , 640 nM ZnSO4 , 0.5 nM CuCl2 , 0.1 nM NaMoO4 , 0.1
nM VOSO4 , 0.03 nM CoSO4 , 0.09 nM NiSO4 , 3 ml 50% H2 SO4 ), and a 100 X
stock solution ((NH4 )2 SO4 , 130 g/l, MgSO4 X 7H2 O, 25 g/l, FeCl2 , 2 g/l, 3 ml 50%
H2 SO4 ), where 2 g of tryptone was added and the pH of the solution was adjusted
to 3.2 with 50% H2 SO4 . The culture was subsequently centrifuged, where the cell
pellet was resuspended in 1 X TBS buffer. Triton X-100 was added to 0.1% for
cell lysis, where a subsequent centrifugation step at maximum speed with the JA20
rotor was performed at 4 ◦ C for collection of the supernatant. The supernatant was
subsequently passed through a 0.45 µM filter syringe.

3.11

GST-Pulldown Assay

A 10 µl bead volume containing either 10 µg of GST or RPC34-GST fusion protein
was incubated with 10 µl of S. acidocaldarius cell extract (3 mg/ml). Incubations
were performed for 30 min at 30 ◦ C in 100 µl of 10 mM Tris pH = 8, 150 mM NaCl,
0.1% Tween-20, 5 mM EDTA. Beads were washed three times with 500 µl of the
incubation buffer and resuspended in 100 µl SDS-PAGE loading buffer, where 10 µl
of samples were electrophoresed. A western blot was subsequently performed with
the antibody against Rpo2 (1:1000 dilution) to test whether RPC34-GST fusion
protein bound to glutathione agarose beads pulls down the RNAP.

3.12

Yeast-two Hybrid Screen

A matchmaker Gal4 two hybrid system featuring the yeast strain AH109 and the his3
gene was used (Clontech). A yeast culture was grown in YEP medium until OD600 =
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0.4 at 30 ◦ C, where 1 ml of culture was taken per co-transformation procedure, with
a subsequent centrifugation step and wash with 1 ml of sterile water. The cell pellet
was then resuspended in 50 µl of 1 X TE/1 X LiAc, with 10 X TE being 100 mM
Tris (pH 8), 10 mM EDTA (pH 8) and 10 X LiAc being 1 M LiAc (pH 7.5), where
2-5 µl of plasmid DNA (0.1-1 µg) was added for each plasmid to be co-transformed.
Subsequently, 25 µl of 2 mg/ml ssDNA was added in conjunction with 300 µl of
PEG solution (40% PEG 4000, 1 X TE, 1 X LiAc), followed by vortexing. Samples
were incubated at 30 ◦ C for 2 hours with a subsequent heat-shock in a water bath
at 42 ◦ C for 15 minutes. Samples were finally centrifuged, where cell pellets were
resuspended in 100 µl of sterile water and plated on selective -trp, -leu plates for
incubation at 30 ◦ C for 2-3 days. Plates lacking tryptophan and leucine are made
from a stock solution of 1 L containing 1.2 g of yeast nitrogen base without amino
acids and ammonium sulfate, 5 g ammonium sulfate, 10 g succinic acid, 6 g sodium
hydroxide, 0.8 g drop-out amino acid mix (-ura, -ade, -trp, -his, -leu), 0.1 g uracil,
0.1 g adenine and 0.05 g his. Co-transformant cultures were grown until OD600 =
0.1 in -trp, -leu liquid medium, where 5 µl of co-transformant cultures were spotted
onto -trp, -leu plates for growth control, and -trp, -leu, and -his plates for interaction
analysis, where the -trp, -leu, and -his plates are similar to the -trp, -leu plates but
lack histidine.

3.13

Co-Immunoprecipitation Assays

A 100 µl of cell extract (3 mg/ml) was incubated with 2-3 µl of antibody serum
and 24 µg/ml of ethidium bromide for a final volume of 105 µl. The sample was
subsequently incubated for 2 hours at 4 ◦ C, while in the meanwhile 50 µl of protein-A
sepharose beads were incubated in TBS buffer containing 0.1% Tween-20 (TBS-T).
The cell extract containing the antibody serum was added to the equilibrated beads,
where another incubation of 2 hours was performed. Three washes with 1 ml of TBST were performed, followed by SDS-PAGE (15%) gel running of 15 µl of samples
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resuspended in 50 µl of 1 X SDS-PAGE loading buffer and subsequent western blot
analysis of the antigen in conjunction with its interactant partner. Western blots
with the antibody against RPC34, Rpo13 and Rpo2 were all performed with a 1:1000
dilution of the antibodies.
In order to cross-link the antibodies to the protein-A sepharose beads, 100 µl
of bead suspension was vortexed and resuspended in 80 µl of 0.1 M NaPhosphate
Buffer (pH 8), with subsequent addition of 30 µl of serum. Beads were rotated for
2 hours at 4 ◦ C, with subsequent centrifuging of the beads and addition of 1 ml of
cross-linking buffer (0.2 M triethanolamine, pH = 8.2) containing 25 mM dimethyl
pimelimidate (DMP) for 45 min. One ml of blocking buffer was subsequently added
(0.1 M ethanolamine, pH 8.2) for 1 h, where a wash with 1 ml of the elution buffer
(0.1 M glycine-HCl pH 2.5) was performed to remove all bound antibody that is not
cross-linked with DMP. After bead incubation with the cell extract in the presence
of ethidium bromide, and washes with TBS-T, the antigen-interactant partner was
eluted with 50 µl of 100 mM glycine (pH 2.5) and 0.5 % SDS with sample boiling
and subsequent neutralisation with 2 µl of 1 M untitrated Tris.

3.14

‘Baby Machine’ Cell Synchronisation Procedure

A ‘Baby Machine’ cell synchronisation procedure was performed as described in [51].
Briefly, a S. acidocaldarius culture was grown at OD600 = 0.1 and added to the ‘Baby
Machine’ apparatus, where cells stick onto the membrane containing the adhesive
poly-lysine. Dividing cells falling from the membrane in G1 phase were collected
after 3 hours of cell synchronisation procedure in a 50 ml Falcon tube sitting on ice
to prevent any growth for a maximum of 15 minutes with a flow rate of 1 ml/min,
where a total of 30 ml of synchronised S. acidocaldarius culture was grown at 75 ◦ C.
Various samples of 2.5 ml volume were collected at various time points for analysis of
protein expression levels throughout the S. acidocaldarius cell cycle, where 2 ml was
centrifuged and resuspended in 25 µl of 1 X SDS-PAGE loading buffer for loading
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of 10 µl in SDS-PAGE gels.

3.15

Yeast Protein Cell Extract Preparation

Yeast culture samples of 2 ml were centrifuged, where pellets were resuspended with
300 µl of 20% trichloroacetic acid. Yeast cell lysis was achieved with vortexing in
the presence of glass beads, where the protein pellet was resuspended in 200 µl of 1
X high pH SDS-PAGE loading buffer (150 µl of untitrated 1 M Tris base per 1 ml
of 1 X buffer). Samples were boiled and centrifuged, with subsequent loading onto
SDS-PAGE gels and western blot analysis.

3.16

ChIP-Sequencing

A S. acidocaldarius culture was grown in Brock’s medium until OD600 = 0.4,
where formaldehyde was added at a final concentration of 1%. The reaction was
quenched with 125 mM glycine, where cell pellets were subsequently collected upon
centrifugation at 16,000 g for 20 minutes (4 ◦ C) and washed with 50 ml of 1 X PBS.
The cells were resuspended in 4 ml TBS buffer (pH 7.5) containing 0.1% Tween20 and 0.1% Triton X-100 (TBS-TT). The cell extract was sonicated to generate
DNA fragments ranging from approximately 200 bp to 1000 bp (15 minutes total
sonication procedure, with 30 seconds ON and 30 seconds OFF), with a subsequent
centrifugation step.
Ten µg of cell extract of concentration 205 ng/µl measured by Bradford assay was
incubated with 3 µl of antibody-containing serum against Rpo2, Rpo13 and RPC34
raised to a final volume of 100 µl with TBS-TT. Samples were rotated at 4 ◦ C for
2 hours. A volume of 25 µl of protein-A sepharose beads was subsequently added,
with rotation at 4 ◦ C for 1 h. Five washes with TBS-TT were performed, with an
additional wash with TBS-TT containing 500 mM NaCl and a final wash with TBSTT containing 0.5% Tween-20 and 0.5% Triton X-100. The protein-DNA complexes
were eluted with elution buffer (20 mM Tris, 10 mM EDTA, 0.5% SDS, pH = 7.8),
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where protein was removed upon proteinase K digestion. Samples were extracted
with a phenol-chloroform step, with subsequent DNA precipitation in ethanol and
glycogen. DNA pellets were resuspended in 50 µl TE buffer. The various DNA
sequencing libraries were subsequently obtained, where the DNA was processed on an
Illumina HiSeq 2000 (Source Bioscience Illumina Sequencing). Reads were mapped
to the S. acidocaldarius genome using SAMtools and BEDtools to generate .bed
files, which were then visualized and quantified using the SeqMonk data analyser
(http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/).

3.17

RNA Sample Preparation for RNA-sequencing

A 10 ml of S. acidocaldarius sample was withdrawn from a culture of OD600 =
0.284, where it was subsequently filtered through a 0.45 µM nitrocellulose filter.
The filter was subsequently removed, and inserted in a microfuge tube containing
500 µl RNase-free water. The microfuge tube was vortexed to wash the cells off the
filter. Lysis buffer (100 µl) was added (600 mM sodium acetate, pH 5.2, 6% SDS) in
conjunction with phenol (600 µl) at pH 4.3. Following vortexing and centrifuging,
the top aqueous phase was transfered to a new microfuge tube with addition of acid
phenol for another round of aqueous phase extraction. 3 M sodium acetate at pH 5.2
(70 µl) in conjunction with isopropanol (750 µl) was added for RNA precipitation.
Samples were then treated with 3 µl DNase (50375 U/µl, Invitrogen) at room
temperature for 15 minutes, where the integrity of the RNA was checked with
an Agilent NanoChip. The RNA sequencing library was subsequently obtained in
similarity to the DNA sequencing libraries (Source Bioscience Illumina Sequencing).

3.18

Real-Time Q-PCR

Real-time Q-PCR reactions were performed with the primers described in (Table3.3)
for the ChIP-seq experiments performed with the antibodies against Rpo2 and
Rpo13, and (Table??), (Table??) and (Table??) for the ChIP-seq experiment
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performed with the antibody against RPC34. A SYBR green master mix was used
for the Q-PCR reactions (Applied Biosystems).

Gene

Primers

-ve control

F
R

Saci_0666
(Thermosome beta
subunit)

F
R

5S rRNA locus

F
R

CCGTGAACTTGCCTAGAACATTAAAGTATAAGATAATGG
CTTTTCCCTTGTTCATAATACCCCTCTTCTTCTTGTTC

GTCAGCTACAGCTACAGTTGCTACAACACCTG
GTTTATCCTGAGTGCCTCCTTACCATAAGTTC

CCTATATTATGTTGCCCACCCGGTCATAGTG
CACGGCCCCTCTGACGTG

Table 3.3: Primer set used for the Q-PCR reactions on the immunoprecipitated DNA by the
antibodies against Rpo2 and Rpo13. The primers were designed against the various genomic
loci corresponding to the 5S rRNA locus, the thermosome beta subunit, and a negative region
with no ChIP-seq probe value.
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Chapter 4

The Archaeal-Specific Rpo13
Subunit
4.1

Introduction

Downstream DNA enters the RNAP-II through a pair of mobile elements termed
jaws [46]. Rbp5 is part of the shelf module, which is the lower jaw [46]. Rbp5 has
a bipartite organisation, with an N-terminal domain and a C-terminal globe [182].
The N-terminal module marks the far end of the DNA channel of RNAP-II, and is
thought to to mediate Rpb5/DNA contacts found some 15-20 nucleotides ahead of
the transcription fork, while the C-terminal part is tightly connected to the Rpb1
subunit [182]. Indeed, Pro86 and Pro118 are exposed in the DNA cleft, and it has
been suggested that they insert their cyclic rings near the deoxyribose moieties of
downstream DNA [46]. However, they are not (Pro86) or poorly (Pro118) conserved
in other eukaryotic phyla, and a double Pro-Thr replacement had no detectable
growth defect, suggesting that these DNA contacts, if they occur at all, are of
limited biological relevance [182]. On the other hand, a long and highly conserved
Rpb5-α1 helix, formed by the first 30 amino acids of Rpb5, was found to be critical
in vivo. This hydrophilic helix occupies the very end of the lower cleft jaw. Rbp5
is also thought to have a structural role within the RNAP-II. It holds together the
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Rpb1-β24/25 and Rpb1-α44/47 folds of RNAPII, which are adjacent to the bridge
helix and switch 1 loop respectively [46]. Thus, their binding to Rpb5 connects the
bridge helix and switch 1 loop close to the trigger loop and in direct contact with
the template DNA strand at the transcription fork [46]. Furthermore, the strong
synergy seen between rpb5 and rpb9 mutants suggests that Rpb9 closely cooperates
with Rpb5 [182]. Indeed, Rpb5 and Rpb9 belong to the upper and lower jaws of
the DNA cleft, respectively, and are connected by a large Rpb1 segment which
is projected across the DNA cleft [46]. Thus, these Rpb9-Rpb1 and Rpb5-Rpb1
interactions may coordinate the opening/closing of the DNA cleft through Rpb9,
and the binding of switch 1 to the transcription fork through Rpb5 [46]. Some
transcription factors may assist this conformational change, where TFIIF is thought
to bind to Rpb9 [183] as well as to Rpb5 [43]. Rpb5 is also conserved in Archaea in
the form of Rpo5. However, the Rpb5 N-terminal module is only found in eukaryotes,
while the Rpb5 C-terminal globe is strongly conserved in Archaea and Eukarya [96].
Collaborative work performed by the labs of Dr. Nicola Abrescia and Prof.
Stephen Bell has led to the initial structural resolution of the archaeal-specific
Rpo13 subunit [96], previously identified by [104]. Rpo13 is only found in the
Crenarchaeota and Korarchaeota, but not in the Thaumarchaeota and Euryarchaeota
[180].

Rpo13 was found to occupy the equivalent position of the eukaryotic-

specific Rpb5 jaw domain involved in downstream DNA binding (Figure4.1) [45].
Furthermore, Rpo13 has a helix-turn-helix (HTH) motif with α1 and α2 helices
and a third, positively charged C-terminal tail (Figure4.2) [7]. Indeed, Rpo13 has
around ten lysines in the last 20 residues, which supports the idea that the third,
positively charged C-terminal tail interacts with the negatively charged DNA rather
than with the positively charged DNA binding cleft of Rpo1 [96]. Five of these
lysines are conserved across Rpo13 of different Sulfolobales (Figure4.2). Therefore,
Rpo13 might bind to the DNA in an analogous manner to the Rbp5 jaw domain,
where the flexible negatively charged N-terminal protein tip as well as the positively
charged C-terminal tail could make DNA contacts, embracing it. Furthermore,
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Rpo13 could perform some of the equivalent roles of eukaryotic factors, which are
absent in Archaea. Moreover, similarly to Rpb5 in RNAP-II, α1 and α2 helices might
perform some structural roles, acting as constitutive anchors onto the RNAP. Thus,
in an analogous manner to Rpb5, Rpo13 might connect Rpo1’s catalytic elements
to template DNA in synergy with other RNAP subunits.

A

B

Rpb5
jaw
Pro86
Pro118

RNA
DNA

Rpo13

RNAP II

Rpo13’ s unresolved
C-terminal domain
is thought to point
towards the DNA

Ssh RNAP

Figure 4.1: The RNAP-II crystal structure in the presence of DNA in comparison with the
archaeal RNAP on its own. (A) The RNAP-II’s Rbp5 jaw domain (pink) makes contacts
with downstream duplex DNA, where two proline residues (Pro86 and Pro118) have been
proposed to be key for its interaction with the DNA. (B) The archaeal RNAP lacks the
equivalent of the eukaryotic-specific Rpb5 jaw domain. Instead, a new archaeal-specific
Rpo13 subunit has been identified (orange), which occupies the position in the archaeal RNAP
equivalent to the Rpb5 jaw domain. Due to this position, Rpo13 is proposed to interact with
the DNA in an analogous manner to the Rpb5 jaw domain, where the Rpo13’s C-terminal
helix, which is poorly resolved but is observed to point towards the DNA, is proposed to be the
major determinant of DNA binding. The PDB code for the RNAP-II-DNA crystal structure
is 1Y1W, while the PDB code for the archaeal RNAP in the absence of DNA is 2WAQ.
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A

B
N-terminal
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C-terminal

+ve
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C
Flexible
N-terminus

!1-helix

S.islandicus_L.D.8.5
S.shibatae
S.solfataricus
S.tokodaii
S.acidocaldarius

!2-helix

C-terminal
domain

SRRKAKKAVSKKVKKTNKKEKSVEG
SRRKAKKAASKKVKKTKKKEKSVEG
SRRKAKKAVSKKVKKTKKKEKSVEG
--KKKRKKVAKKTKKVKEQKTNEEE
---KKKRRVEKKPKKGKVTKKSDEEEE

Figure 4.2: The crystal structure of the positively charged Rpo13 subunit on its own and in
the context of the RNAP. (A) Only 45 residues have been resolved, which form an ordered
HTH motif fragment with α1 and α2 helices as well as flexible N- and C-termini, where the Cterminal tail is positively charged. (B) Rpo13 in the context of the archaeal RNAP, where the
the C-terminal tail is proposed to point towards the DNA in order to interact with it. Rpo13’s
position in the RNAP analogous to the eukaryotic Rpb5 jaw domain absent in Archaea in
conjunction with its positively charged nature supports the idea that it interacts with the
DNA. (C) Rpo13 contains about ten lysines in the last 20 residues of the positively charged
C-terminal tail, where five of them are conserved across Rpo13 of different Sulfolobales. The
PDB code for Rpo13 on its own as well as in the RNAP context is 2WAQ.

4.2
4.2.1

Results
Rpo13’s Cloning and Purification

In order to study the role of Rpo13 from an in vitro perspective, plasmids coding
for S. acidocaldarius and S. shibatae Rpo13 were generated as described in Chapter
3 (Materials and Methods). Recombinant S. acidocaldarius and S. shibatae Rpo13
proteins were subsequently expressed in E. coli for purification by S-sepharose cation
exchange, where elution was achieved with a shallow NaCl gradient. As can be
observed in Figure4.3, pure Rpo13 is obtained, where it is found to migrate at a
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higher molecular weight of around 20 kDa than its predicted 12 kDa. The identity
of Rpo13 was confirmed by mass spectrometry (MALDI-TOF MS) (Figure4.4).
Specifically, a total ion score of 435 for the S. acidocaldarius Rpo13 as well as
394 for the S. shibatae Rpo13 is obtained, where the total ion score is calculated
by weighting ion scores for all individual peptides matched to the protein that is
associated with the MS/MS spectrum. The ion score is calculated by the Mascot
search engine for each matched peptide from the MS/MS peak lists. This score is
based on the probability that ion fragmentation matches are non-random events. If
the Ion Score is equal to or greater than the Mascot Significance Level calculated
for the search, the protein match is considered to be statistically non-random at the
100% confidence interval.

kDa
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Figure 4.3: Purified, recombinant Rpo13 from S. acidocaldarius and S. shibatae species,
where 20 µg are loaded onto a SDS-PAGE gel subsequently stained with Coomassie Brilliant
Blue. Rpo13 is found to migrate at a higher molecular weight of around 20 kDa than its
predicted 12 kDa.
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Figure 4.4: The identity of Rpo13 is confirmed upon mass spectrometry analysis, where a
a total ion score of 435 for the S. acidocaldarius Rpo13 as well as 394 for the S. shibatae
Rpo13 is obtained. All ion scores are either equal to or greater than the Mascot Significance
Level calculated for the search, where ion scoring is performed against the Rpo13 protein.
Thus, the protein match is considered to be statistically non-random at the 100% confidence
interval.
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4.2.2

O

+*

Antibody Raising against Rpo13

A rabbit antibody was raised against the purified, recombinant S. acidocaldarius
Rpo13. As shown in figure (Figure4.5), upon incubation of the pre-immune serum
control with S. acidocaldarius cell extract and pure Rpo13, no bands corresponding
to the size of Rpo13 are observed. On the other hand, upon incubation of affinitypurified antibody from the final-bleed serum with S. acidocaldarius cell extract and
pure Rpo13, equivalent bands corresponding to the pattern of gel migration of Rpo13
of around 20 kDa are observed (Figure4.5), indicating a successful rabbit immuneresponse against recombinant Rpo13. The affinity-purified antibody raised against
S. acidocaldarius Rpo13 is found to recognise protein epitopes in S. shibatae Rpo13 as
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O

well as a S. shibatae Rpo13 mutant lacking the third, positively charged C-terminal
tail (Figure4.5), described in the ‘Rpo13’s mutants purification and characterisation’
subsection.
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Figure 4.5: An antibody was raised against recombinant S. acidocaldarius Rpo13. (A)
Upon incubation of the pre-immune serum control with S. acidocaldarius cell extract and
pure Rpo13, no western blot bands corresponding to the size of Rpo13 are observed, with
the exception of background bands. Upon incubation of affinity-purified antibody from
the final-bleed serum with S. acidocaldarius cell extract and pure Rpo13, equivalent bands
corresponding to the pattern of gel migration of Rpo13 of around 20 kDa are observed,
denoted with an arrow. (B) The affinity-purified antibody raised against S. acidocaldarius
Rpo13 is found to recognise protein epitopes in S. shibatae Rpo13 as well as a S. shibatae
Rpo13 mutant lacking the third, positively charged C-terminal tail (∆C Rpo13).

4.2.3

Rpo13’s Binding to DNA

In order to test for any DNA binding properties of S. acidocaldarius and S. shibatae
Rpo13, electrophoretic mobility shift assays (EMSAs) were performed with a 40 bp
non-specific ssDNA and dsDNA sequence. As can be observed in (Figure4.6), no
ssDNA binding activity is observed for the range of protein concentrations tested.
On the other hand, several shifted bands are observed when dsDNA is used for the
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range of protein concentrations tested (Figure4.6). No shifted bands are observed
in the absence of protein. Thus, these shifted bands correspond to protein-DNA
complexes. The binding affinity of S. acidocaldarius Rpo13 to DNA is calculated to
be of an apparent Kd of around 2 µM, where cooperative binding to DNA occurs
(Figure4.16).
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Figure 4.6: EMSA assays performed with S. acidocaldarius and S. shibatae Rpo13 in the
presence of a 40 bp non-specific ssDNA and dsDNA sequence revealed no ssDNA binding
activity, while several shifted bands are observed when dsDNA is used for the range of protein
concentrations tested. The shifted bands correspond to protein-DNA complexes.

In order to test for the specificity of Rpo13-DNA complexes as well as Rpo13’s
identity in the obtained protein-DNA complexes upon EMSA analysis, a supershift
approach was performed, where in addition to the incubation of Rpo13 with DNA,
the affinity-purified antibody against Rpo13 was also incubated in conjunction with
a control antibody against Vps4 [150]. As can be observed in (Figure4.7), upon
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incubation of the Rpo13-DNA complexes with the specific antibody against Vps4,
no additional bands corresponding to Rpo13-DNA-antibody complexes are observed.
On the other hand, upon incubation of the Rpo13-DNA complexes with the affinitypurified antibody against Rpo13, additional bands corresponding to Rpo13-DNAantibody complexes are observed (Figure4.7). No additional bands are observed
upon no addition of an antibody to the Rpo13-DNA complexes.
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Figure 4.7: A supershift approach was performed, where S. acidocaldarius Rpo13 was
incubated with the 40 bp dsDNA in the presence of either the antibody raised against Vps4 as
a negative control [150], or the affinity-purified antibody against Rpo13. Bands corresponding
to the protein-DNA-antibody complexes are observed only upon incubation with the affinitypurified antibody against Rpo13.

In order to complement this supershift analysis to confirm Rpo13’s identity
in the protein-DNA complexes, a complementary approach was performed. This
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approach consisted in performing a standard EMSA procedure, followed by transfer
of the protein-DNA complexes to a nylon membrane for DNA retention as well as a
nitrocellulose membrane for protein retention, with a subsequent western blot with
the affinity-purified antibody against Rpo13. As can be seen in Figure4.8, the S.
acidocaldarius Rpo13 protein bands are found to migrate at a similar position to
the DNA bands at a higher protein concentration, while S. shibatae Rpo13 protein
bands are found to migrate at a similar position to the DNA bands at a lower protein
concentration (Figure4.9). More specifically, the S. acidocaldarius and S. shibatae
Rpo13 protein bands in the presence of DNA were found to migrate at an equivalent
position to the Rpo13 protein bands in the absence of DNA in both cases (Figure4.8;
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Figure 4.8: A standard EMSA procedure, followed by transfer of the protein-DNA
complexes to a nylon membrane for DNA retention (left) as well as a nitrocellulose membrane
for protein retention (right) was performed, where probing against S. acidocaldarius Rpo13
protein in the nitrocellulose membrane was performed with the affinity-purified antibody
against Rpo13. The S. acidocaldarius Rpo13 protein bands are found to migrate at a similar
position to the DNA bands at a higher protein concentration, where Rpo13 protein bands
in the presence of DNA migrate at an equivalent position to the Rpo13 protein band in the
absence of DNA.
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Figure 4.9: A standard EMSA procedure, followed by transfer of the protein-DNA
complexes to a nylon membrane for DNA retention (left) as well as a nitrocellulose membrane
for protein retention (right) was performed, where probing against S. shibatae Rpo13 protein
in the nitrocellulose membrane was performed with the affinity-purified antibody against
Rpo13. The S. shibatae Rpo13 protein bands are found to migrate at a similar position to
the DNA bands at a lower protein concentration, where Rpo13 protein bands in the presence
of DNA migrate at an equivalent position to the Rpo13 protein band in the absence of DNA.

4.2.4

The Purification and Characterisation of Rpo13’s Mutants

In order to identify the major determinant of Rpo13’s binding to the DNA in terms
of protein regions, S. shibatae Rpo13 mutants lacking either the negatively charged
N-terminal tip of Rpo13 (∆N Rpo13) consisting of the first 33 amino acids, or the the
third, positively charged C-terminal tail (∆C Rpo13) consisting of the last 24 amino
acids, or both of these regions (core Rpo13) were purified (Figure4.10). Indeed,
from the crystal structure of the archaeal RNAP [96], it is hypothesised that the
flexible N- and C-termini mediate DNA binding, with the third, positively charged
C-terminal tail being the major determinant of DNA binding. While a standard
His-tag affinity purification procedure in the presence of 300 mM NaCl is sufficient
for the purification of the ∆C Rpo13 and core Rpo13 mutants, it is found that
the salt concentration has to be adjusted to 900 mM NaCl for the purification of
the ∆N Rpo13 mutant, since protein aggregation occurs at 300 mM Nacl. Upon
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gel filtration analysis with the appropriate salt concentration, it is found that all
of the three mutants elute between the void and total volume of the column, in
support of the fact that no protein aggregation occurs and that all of the three
mutants are stable and folded despite their corresponding missing protein regions
(Figure4.11). Furthermore, all of the three mutants are found to elute at an elution
volume corresponding approximately to their molecular weights of 9.4 kDa for ∆C
Rpo13, 9.7 kDa for ∆N Rpo13 and 6.7 kDa for core Rpo13 (Figure4.11). Thus,
pure, stable and properly folded ∆N Rpo13, ∆C Rpo13 and core Rpo13 mutants
are obtained.
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Figure 4.10: SDS-PAGE gel subsequently stained with Coomassie Brilliant Blue showing
purified Rpo13 mutants. These Rpo13 mutants lack either the negatively charged N-terminal
tip of Rpo13 (∆N Rpo13), or the the third, positively charged C-terminal tail (∆C Rpo13),
or both of these regions (core Rpo13). The mutants are found to migrate according to their
molecular weights of 9.4 kDa for ∆C Rpo13, 9.7 kDa for ∆N Rpo13 and 6.7 kDa for core
Rpo13.

4.2.5

Analysis of Binding to DNA of Rpo13’s Mutants

In order to test for any DNA binding properties of the ∆N, ∆C and core Rpo13
mutants with respect to that of wild-type Rpo13, EMSAs were performed with
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Figure 4.11: Gel filtration analysis of the Rpo13 mutants. (A) Upon gel filtration analysis
of the Rpo13 mutants, it is found that all mutants elute at an elution volume between the
void volume of 120 ml (indicated by a blue line) and the total column volume of 350 ml.
Specifically, the ∆C Rpo13 mutant is found to elute at an elution volume of 180 ml, while the
∆N Rpo13 mutant is found to elute at an elution volume of 200 ml, and finally the core Rpo13
mutant is found to elute at an elution volume of 240 ml. (B) Protein standards were run onto
the gel filtration column: conalbumin (con.) m.w.= 75 kDa, ovalbumin (ovalb.) m.w.= 44
kDa, carbonic anhydrase (carb. anhyd.) m.w.= 29 kDa, ribonuclease A (ribonuc.) m.w.=
13.7 kDa, and aprotinin (aprot.) m.w.= 6.5 kDa. Upon the calculation of the molecular
weight of the different Rpo13 mutants according to their elution volumes, it is found that the
∆C Rpo13 mutant has an apparent molecular weight of 7 kDa similar to its true molecular
weight of 9.4 kDa, the ∆N Rpo13 mutant has an apparent molecular weight of 6.2 kDa
similar to its true molecular weight of 9.7 kDa, and finally the core Rpo13 mutant has an
apparent molecular weight of 6.9 kDa similar to its true molecular weight of 6.7 kDa. The
differing molecular weight for the ∆N Rpo13 mutant is most likely due to the asymmetrical
and irregular gel filtration peak, most likely due to conformational instability of ∆N Rpo13
in solution.

the same 40 bp non-specific dsDNA sequence as previously used.

As can be

observed in Figure4.12 and Figure4.13, no dsDNA binding activity is observed for
the ∆C Rpo13 and core Rpo13 mutants, as opposed to wild-type Rpo13, which
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binds to dsDNA. Also, the residual dsDNA binding activity observed for the ∆C
Rpo13 mutant is due to protein contaminants in the ∆C Rpo13 mutant protein
preparation, as upon coupling of the EMSA procedure with transfer to nylon and
nitrocellulose membranes, no correspondence is found between the DNA and protein
bands (Figure4.14). On the other hand, dsDNA binding activity is observed for the
∆N Rpo13 mutant to a level similar to wild-type Rpo13, where incubation reactions
were performed with 900 mM NaCl for both proteins (Figure4.15). Furthermore, due
to the relative instability of the ∆N Rpo13 mutant at higher protein concentrations,
lower protein concentration were used for the dsDNA binding reactions. No shifted
bands are observed in the absence of protein. All binding reactions were performed
in triplicate (Figure4.16). Thus, while no dsDNA binding activity is observed for
the ∆C Rpo13 and core Rpo13 mutants, the ∆N Rpo13 mutant binds to dsDNA to
the same degree as wild-type Rpo13.

4.2.6

Rpo13’s Binding Mode to DNA

In order to establish Rpo13’s binding mode to DNA, that is, whether it binds to
the major or minor groove of DNA or to the phosphate backbone, dsDNA binding
reactions were performed in the presence of the major groove competitor methyl
green as well as the minor groove competitor netropsin.

TBP and TFB were

used as controls to test whether methyl green and netropsin are functional in their
competitor roles when added to dsDNA binding reactions, since TBP and TFB bind
to the minor groove of the TATA box and the major groove of the BRE element
respectively. As shown in Figure4.17, not only TBP and TFB cooperatively bind
to the dsDNA T6 promoter sequence containing a TATA-like A box in the original
buffer as previously described [139], [15] as well as in the new buffer used for dsDNA
binding of Rpo13 in the presence of the chemicals [155], but also cooperative TBP
and TFB binding to the TATA-box containing dsDNA oligo is abolished in the
presence of methyl green and netropsin (Figure4.18). This indicates that these
chemicals are functional in their competitor roles. On the other hand, no similar
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Figure 4.12: EMSA assays performed with wild-type Rpo13 and ∆C Rpo13 from S. shibatae
in the presence of a 40 bp non-specific dsDNA sequence. The assays revealed that, while
shifted bands are observed for wild-type Rpo13, corresponding to protein-DNA complexes,
for the range of protein concentrations tested, no shifted bands are observed for the ∆C
Rpo13 mutant. Thus, the ∆C Rpo13 mutant is not able to bind to the DNA, similarly to
wild-type Rpo13.

effect is obtained upon addition of either methyl green or netropsin in reactions
containing Rpo13 incubated with dsDNA in the new buffer that stabilises the
chemicals [155], showing that Rpo13 is able to bind dsDNA in the presence of
netropsin and methyl green (Figure4.19). Only a minor effect is observed upon
netropsin’s presence with respect to that of water addition, where slight inhibition
of Rpo13’s binding occurs, while no significant difference is observed upon methyl
green’s presence with respect to that of water addition (Figure4.20). Therefore,
while methyl green and netropsin abolish cooperative TBP and TFB binding to the
DNA, they do not abolish Rpo13’s binding to the DNA.
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Figure 4.13: EMSA assays performed with wild-type Rpo13 and core Rpo13 from S. shibatae
in the presence of a 40 bp non-specific dsDNA sequence. The assays revealed that, while
shifted bands are observed for wild-type Rpo13, corresponding to protein-DNA complexes,
for the range of protein concentrations tested, no shifted bands are observed for the core
Rpo13 mutant. Thus, the core Rpo13 mutant is not able to bind to the DNA, similarly to
wild-type Rpo13.

4.2.7

Rpo13’s Topological Impact on DNA

In order to assess whether Rpo13’s binding to dsDNA introduces torsional DNA
stress and supercoiling, a plasmid-based supercoiling assay was used [117], [70].
According to this assay, a plasmid containing a single nick on one DNA strand
obtained upon incubation with Nb.Bpu10I nicking enzyme is incubated with Rpo13
and then ligated with DNA ligase. If Rpo13 binds to the nicked plasmid DNA
in a way to introduce supercoiling, the subsequent ligation of the plasmid would
produce various topoisomers. Upon increasing Rpo13’s protein concentration, these
topoisomers would progressively migrate in an agarose gel lacking ethidium bromide
to a position similar to the one of the topoisomer corresponding to supercoiled
DNA. As can be observed in Figure4.21, upon incubation of nicked plasmid with no
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Figure 4.14: A standard EMSA procedure, followed by transfer of the protein-DNA
complexes to a nylon membrane for DNA retention (left) as well as a nitrocellulose membrane
for protein retention (right) was performed, where probing against ∆C Rpo13 protein in the
nitrocellulose membrane was performed with the affinity-purified antibody against Rpo13.
The ∆C Rpo13 protein bands are found to migrate at a different position from the DNA
bands, indicating that the protein bands do not co-migrate with the DNA bands.

Rpo13, various closed circle topoisomers are obtained due to thermal fluctuations.
However, upon increasing of Rpo13’s protein amount, a change in the distribution of
the various topoisomers is observed (Figure4.21). More specifically, the distribution
of the various topoisomers is shifted towards the position of migration of the nicked
topoisomer upon increasing Rpo13’s protein amount, as opposed to the one of the
topoisomer corresponding to supercoiled DNA (Figure4.22).
Furthermore, in order to distinguish between the relaxed topoisomer form of the
closed circle plasmid versus the nicked topoisomer, which is an open circle plasmid,
the various ligation reactions were run on a gel containing ethidium bromide. Indeed,
the relaxed topoisomer form of the closed circle plasmid migrates very closely to the
nicked topoisomer in an agarose gel containing no ethidium bromide, which may
hamper the analysis of topoisomer distribution in the presence of Rpo13. The
presence of ethidium bromide would push down the DNA twist, which in turn
would push up the DNA writhe and hence the supercoiling of the DNA to either
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Figure 4.15: EMSA assays performed with wild-type Rpo13 and ∆N Rpo13 from S. shibatae
in the presence of a 40 bp non-specific dsDNA sequence. The assays revealed shifted bands
corresponding to protein-DNA complexes for both wild-type Rpo13 and ∆N Rpo13. Lower
protein concentrations were used due to ∆N Rpo13’s conformational instability in solution
and its propensity to aggregation once loaded into the wells of the EMSA gel.

compact form or positively supercoiled DNA in order to maintain the equivalent
linking number. As can be seen in Figure4.23, at lower Rpo13 protein amounts, a
DNA band migrating to the position of the one of supercoiled DNA topoisomer is
observed in the presence of ethidium bromide. Therefore, the corresponding various
topoisomers observed in the absence of ethidium bromide are indeed all closed circle
topoisomers (Figure4.23). More importantly, upon increasing Rpo13’s amount, the
topoisomer distribution is shifted from the supercoiled plasmid position towards the
nicked plasmid position in the presence of ethidium bromide (Figure4.23). Thus, in
summary, increasing levels of Rpo13 causes a shift in the distribution of topoisomers
from closed circle topoisomers towards the nicked topoisomer form.
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Figure 4.16: Quantification of % of DNA binding of the three mutants (∆C Rpo13, ∆N
Rpo13 and core Rpo13) with respect to that of wild-type Rpo13, where all EMSA reactions
were performed in triplicate. While no dsDNA binding activity is observed for the ∆C Rpo13
and core Rpo13 mutants, the ∆N Rpo13 mutant binds to dsDNA to the same degree as wildtype Rpo13. Lower protein concentrations were used for the ∆N Rpo13 mutant due to its
conformational instability, where the concentration of wild-type Rpo13 was also lowered to
the one of ∆N Rpo13. The Kd for wild-type Rpo13’s binding to DNA is calculated to be of
around 2 µM.

4.2.8

Rpo13’s in vivo Association with the Archaeal RNAP within
the S. acidocaldarius Cell Extract

In order to analyse the in vivo association of Rpo13 with the archaeal RNAP, a gel
filtration procedure was undertaken with a Superdex-200 column, where the elution
volumes of purified RNAP from the S. acidocaldarius cell extract and recombinant
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Figure 4.17: Cooperative binding of TBP and TFB to DNA. (A) Purified TBP and TFB,
which run in the SDS-PAGE gel according to their molecular weights of 19 kDa and 35 kDa
respectively. (B) (Left) Cooperative binding of TBP and TFB to the T6 promoter sequence
containing the TATA-like A box in the original buffer, and (right) cooperative binding of
TBP and TFB to the T6 promoter sequence containing the TATA-like A box in the new
buffer that solubilises methyl green and netropsin. No DNA binding is observed when only
either TBP or TFB are added individually.

Rpo13 were compared to those obtained from running S. acidocaldarius cell extract.
More specifically, as Figure4.24 shows, the elution volume of recombinant Rpo13 was
very distinct from that of purified RNAP, monitored with an antibody against Rpo2
(120 kDa) and Rpo13 (20 kDa). Both proteins eluted at a volume corresponding
to their molecular weight of 44 kDa for Rpo13 which forms dimers in solution [179]
and 450 kDa for the RNAP. Furthermore, the S. acidocaldarius cell extract was
run, where ethidium bromide was added in order to disrupt any protein interactions
mediated by DNA. Subsequently, western blot analysis was performed to visualise
Rpo2 and Rpo13 across a range of elution volumes containing RNAP and Rpo13.
As can be seen in Figure 4.24, not only is Rpo13 found to co-elute with Rpo2
across an elution volume corresponding to RNAP, but it is also found to elute
at a different elution volume corresponding to recombinant Rpo13. Importantly,
all Rpo13 co-elutes with Rpo2 when purified RNAP is run in the gel filtration
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Figure 4.18: Cooperative binding of TBP and TFB to the T6 promoter sequence containing
the TATA-like A box is abolished when netropsin is added, which competes against TBP for
minor groove binding, and when methyl green is added, which competes against TFB for
major groove binding. Cooperative binding of TBP and TFB is observed when no competitor
is added (0 mM). The constant amount of proteins added in all lanes is of 7 pM for TFB
and 1 pM for TBP.

column, which excludes any eventual Rpo13’s dissociation event from the RNAP
in the S. acidocaldarius cell extract during the gel filtration procedure. Thus, in
summary, Rpo13 within the S. acidocaldarius cell extract is mainly associated with
the endogenous RNAP since it co-elutes with its Rpo2 subunit, while there is a small
Rpo13 pool which is not associated with the RNAP and elutes at an elution volume
corresponding to recombinant Rpo13.

4.3

Discussion

The archaeal-specific Rpo13 subunit occupies a position in the archaeal RNAP
which, in RNAP-II, is filled by the eukaryotic-specic Rpb5 jaw domain. It has
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Figure 4.19: Competitive binding of Rpo13 in the presence of either netropsin or methyl
green. (A) Competitive binding of Rpo13 in the presence of netropsin, where only slight
inhibition of Rpo13’s binding to the DNA is observed with respect to that of the binding
reaction where no netropsin is added (0 mM). (B) Competitive binding of Rpo13 in the
presence of methyl green, where no inhibition of Rpo13’s binding to the DNA is observed
with respect to that of the binding reaction where no methyl green is added (0 mM). A
constant Rpo13 concentration of 5 µM is added for each lane.

therefore been proposed to interact with DNA in an analogous manner to Rb5.
Specifically, while Pro86 and Pro118 residues and a highly conserved Rpb5-α1 helix,
which occupies the very end of the lower cleft jaw, are thought to be important for
Rbp5’s interaction with DNA ([46], [182]), the flexible N- and C-termini of Rpo13
have been proposed to mediate DNA binding, with the third, positively charged
C-terminal tail being the major determinant of Rpo13’s binding to DNA [96].
In order to study the role of Rpo13 from an in vitro point of view, recombinant
S. acidocaldarius and S. shibatae Rpo13 proteins were purified with a S-sepharose
cation exchange step, since Rpo13 has a positively charged C-terminal tail. Rpo13
was found to migrate in an SDS-PAGE system at a higher molecular weight than
its predicted 12 kDa. This is most likely due to the retention of migration in the
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Figure 4.20: Quantification of Rpo13’s binding to the DNA in the presence of either
netropsin ((A)) or methyl green ((B)). While only slight inhibition of Rpo13’s binding to
the DNA is observed in the presence of netropsin with respect to that of the binding reaction
where water is added, no inhibition of Rpo13’s binding to the DNA is observed in the presence
of methyl green with respect to that of the binding reaction where water is added. All EMSA
reactions were performed in triplicate.

SDS-PAGE system by the third, positively charged C-terminal tail. Nonetheless,
Rpo13’s identity was confirmed by mass spectrometry (MALDI-TOF MS).
Upon incubation of S. acidocaldarius and S. shibatae Rpo13 with a 40 bp nonspecific ssDNA and dsDNA sequence, protein-DNA complexes were observed only
in the presence of dsDNA. Thus, Rpo13 is specific for dsDNA only. The different
migration patterns are most likely due to the different pIs of S. acidocaldarius and
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Figure 4.21: A plasmid-based supercoiling assay, where Rpo13 is incubated at different
protein/DNA mass ratios with a constant amount of 0.5 µg pBR322 plasmid. Various
plasmid topoisomers are observed in the absence of Rpo13, due to thermal fluctuations. As
Rpo13’s protein amount is increased, the distribution of the various topoisomers is shifted
to the one corresponding to the nicked topoisomer, as opposed to the one corresponding to
supercoiled DNA. Agarose gel staining was performed with SYBR Green I staining.

S. shibatae Rpo13, with S. acidocaldarius Rpo13 having a pI value of 4.4 and thus a
faster migration rate, while S. shibatae Rpo13 has a pI value of 6.1. Also, the binding
affinity of S. acidocaldarius Rpo13 to DNA was calculated to be of an apparent Kd
of around 2 µM, where the weak DNA binding affinity is compatible with Rpo13
not compromising transcriptional processivity but rather modulating the interaction
with DNA with no sequence specificity.
In addition, at higher S. shibatae and S. acidocaldarius Rpo13 protein
concentrations, complexes were found to migrate at a higher position than the
complexes formed at lower Rpo13 concentrations (Figure4.6). This indicates that S.
shibatae Rpo13 displays multiple protomer DNA binding as well as S. acidocaldarius
Rpo13 having a higher dissociation rate at lower protein concentrations. Indeed,
upon EMSA analysis coupled with a western blot, it can be observed that S. shibatae
Rpo13 is capable of forming a higher protein complex, perhaps representing a dimer.
Collaborative work performed by Dr. Nicola Abrescia showed that upon multiangle
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Figure 4.22: Quantification of the distribution of the various topoisomers upon increasing
Rpo13’s amount. (A)) Quantification of the band intensity of the various topoisomers upon
no incubation with Rpo13 (1) and increasing Rpo13’s amount (2-6). Agarose gel staining
was performed with SYBR Green I staining. (B)) Quantification of the band intensity for
the various topoisomers obtained with no incubation with Rpo13 and increasing protein/DNA
mass ratios. All values are expressed as a fraction of the highest value. Supercoiling assays
were performed in triplicate.

laser light scattering analysis of S. shibatae Rpo13, S. shibatae Rpo13 forms dimers in
solution [179]. Furthermore, both supershift analysis performed with the antibody
raised against Rpo13 as well as the EMSA analysis coupled with a western blot
showed that DNA binding is mediated by Rpo13. These antibody-Rpo13-DNA
complexes are observed as well as co-migration of Rpo13 with DNA. Interestingly,
for both S. shibatae and S. acidocaldarius Rpo13, western blot protein bands in the
presence of DNA were found to migrate at the same position as those of protein
bands without DNA, suggesting that the strong positive and negative charged
regions of Rpo13 dictate the overall pattern of migration in the presence of DNA.
Also, multimeric S. shibatae Rpo13 binding might occlude the epitope for antibody
binding, explaining why at higher protein concentrations, DNA bands migrate at
a higher position than western blot protein bands. Alternatively, dissociation of
protein-DNA complexes might occur during gel migration.
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Figure 4.23: Supercoiling assays performed in the presence of ethidium bromide, with a
subsequent Southern blot procedure. (A)) The same various supercoiling reactions were
divided into two, and run either in the presence of ethidium bromide (top), or without
ethidium bromide (bottom). At lower Rpo13’s protein amounts, a DNA band migrating to
the position of the one of supercoiled DNA topoisomer is observed in the presence of ethidium
bromide (indicated by an arrow). Thus, the corresponding various topoisomers observed in
the absence of ethidium bromide are all closed circle topoisomers. (B)) Upon increasing
Rpo13’s amount, the topoisomer distribution is shifted from the one of supercoiled plasmid
towards the one of nicked plasmid.

It has been proposed that Rpo13 binds to DNA, by embracing it. This is maybe
due to Rpo13’s helix-turn-helix (HTH) motif with α1 and α2 helices and a third,
positively charged C-terminal tail as well as a flexible negatively charged N-terminal
tip. Specifically, the third, positively charged C-terminal tail is most likely the major
determinant of DNA binding, while the negatively charged N-terminal tip might
make only minor contacts. In order to test the roles of both the N- and C-termini
in DNA binding, mutants lacking either the negatively charged N-terminal tip (∆N
Rpo13), or the positively charged C-terminal tail (∆C Rpo13), or both of these
regions (core Rpo13) were purified. While both of the ∆C Rpo13 and core Rpo13
mutants could be purified with a standard His-tag affinity purification procedure in
the presence of 300 mM NaCl, it was found that the salt concentration has to be
adjusted to 900 mM NaCl for the purification of the ∆N Rpo13 mutant, since protein
77

2.2

Rpo13/DNA mass ratios

Cell extract
669 158 45
> 2000 440 75

Elution of standards (kDa)

40

mAu

RNAP
-12
-14

20

0

-16

mAu

-20

-18
0

-20

5

10

15

20

25

ml

-22
-24

6 7 8 9 10 11 12 13 14 15 16 17 18 19 Fr.
0

5

10

15

20

kDa

25

ml

150
100

!Rpo2
Cell
extract

Rpo13 S. acidocaldarius
20
15

-14
-16

!Rpo13

mAu

-18
-20
-22

150

-24

100

!Rpo2
RNAP
alone

-26
0

5

10

15

20

25

30

35

20
15

ml

!Rpo13

Figure 4.24: Purified RNAP from the S. acidocaldarius cell extract and Rpo13 elute
respectively at 10 ml and 15 ml, which corresponds to their molecular weights of 450 kDa and
44 kDa, which accounts for Rpo13’s ability to form dimers in solution. Upon analysis of the
RNAP from the S. acidocaldarius cell extract , it is found that Rpo13 co-elutes with Rpo2
across an elution volume corresponding to the one of the RNAP. Furthermore, Rpo13 elutes
also at a different volume of around 15-16 ml, which corresponds to the elution volume of
recombinant Rpo13. Finally, all Rpo13 co-elutes with Rpo2 when the RNAP is run, excluding
the idea that Rpo13 dissociates from the bulk RNAP pool in the cell extract during the gel
filtration procedure.

aggregation occurs at 300 mM NaCl. Indeed, at low salt concentration, the absence
of the negatively charged N-terminal tip caused a strong electrostatic repulsion of the
positively charged C-terminal tail in solution, thus resulting in protein aggregation.
On the other hand, upon salt addition, a salting-in effect occurred, where ions from
the salt associate with the ∆N Rpo13 protein’s surface, in particular the positively
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charged C-terminal tail. This shields these areas from electrostatic, intramolecular
repulsion as well as water molecules, and as a consequence, less water molecules are
required to interact with the ∆N Rpo13 protein’s surface. The concentration of free
water was therefore increased, increasing the solubility of the ∆N Rpo13 protein
in solution. Upon DNA binding analysis, it was found that neither the ∆C Rpo13
nor core Rpo13 mutants bind to DNA, implying that the third, positively charged
C-terminal tail is the major determinant of DNA binding. On the other hand, the
∆N Rpo13 mutant was found to bind to DNA to the same degree as wild-type
Rpo13, with a slower migration than the one of wild-type Rpo13 due to a higher pI
value of 9.7. Therefore, the flexible N-terminal region of Rpo13 is not required for
Rpo13’s binding to DNA. In summary, as shown in Figure4.25, the positively charged
C-terminal tail of Rpo13 is the major determinant of DNA binding, while the Nterminal tip is not required but may nonetheless help mediating some DNA contacts.
The EMSA biochemical data showing Rpo13’s binding to DNA is supported by the
first crystal structure of the open-complex of the archaeal S. shibatae RNAP in the
presence of bubble DNA oligo obtained by collaborative work performed by Dr.
Nicola Abrescia (Figure4.25) ([180]). This is an improvement of the previous crystal
structure ([96]) in that the DNA is present in the RNAP and the structure of Rpo13
is resolved at a higher resolution. Indeed, this RNAP crystal structure shows that
the N-terminal Rpo13 tail, with the first visible Cα N-terminal Phe33 residue as well
as the Glu32 residue, pointing towards the DNA, and the poorly resolved, flexible Cterminal tail also facing in the direction of contact with the DNA. In addition, while
α1 helix makes amino acid contributions with Rpo5 and the clamp-head domain of
Rpo1N, the α2 helix is most exposed to the solvent, and in principle avaliable for
interactions with additional ligands [180].
In order to establish whether Rpo13 binds to either the major groove or minor
groove of DNA or to the DNA phosphate backbone, competition assays were
performed with either methyl green and netropsin, which respectively compete for
major and minor groove binding. Methyl green and netropsin were found to abolish
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Figure 4.25: Proposed model for Rpo13’s binding to the DNA. (A)) Crystal structure of
the archaeal S. shibatae RNAP in the presence of DNA, where the poorly resolved, flexible Cterminal tail of Rpo13, which is highly positively charged, is seen to point towards the DNA.
The PDB code for the archaeal RNAP in complex with the DNA is 4AYB. (B)) The major
determinant of Rpo13’s binding to DNA is the highly positively charged tail, which binds to
the negatively charged DNA phosphate backbone. Contacts between the flexible N-terminus
and the DNA might make small contributions to Rpo13’s binding too.

cooperative TBP and TFB binding to the TATA-box containing oligo, as expected
since TBP is known to bind to the TATA-box DNA minor groove while TFB binds
to the major groove of the BRE element [110]. On the other hand, no similar effect
was observed in the case of Rpo13 upon methyl green and netropsin addition, where
only slight inhibition of DNA binding in the presence of netropsin was observed.
Therefore, Rpo13 does not bind to either the major or the minor DNA groove but
rather through its positively charged C-terminal tail to the negatively charged DNA
phosphate backbone.
In order to assess whether binding of Rpo13 to DNA induces torsional DNA
stress and supercoiling as implied by the analysis of the archaeal RNAP crystal
structure ([180]), a nicked-plasmid based supercoiling assay was used. This assay
revealed that, upon increasing of Rpo13 amount, the distribution of topoisomers
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shifts from closed circle topoisomers towards the nicked topoisomer. This trend was
verified by use of ethidium bromide. These results indicate that inhibition of the
ligation reaction occurs upon increasing Rpo13 levels. This is most likely due to the
binding of Rpo13 to the nicked plasmid DNA, which in turn prevents the action of
the ligase.
A gel filtration procedure was performed to establish whether endogenous Rpo13
within the S. acidocaldarius cell extract is all associated with the endogenous, soluble
RNAP or whether there is a free Rpo13 pool within the cell extract. While it is
known that Rpo13 is a bona fide RNAP subunit from a structural point of view
[96], the gel filtration procedure would address whether Rpo13 is a true in vivo
RNAP subunit within the S. acidocaldarius cell extract context. Indeed, Rpo13
could act as a transcription factor only temporarily associated with the RNAP,
which dissociates from the RNAP once it has finished its transcription factor-like
function. It is found that, while the majority of Rpo13 within the S. acidocaldarius
cell extract is associated with the archaeal RNAP, a small pool elutes at an elution
volume corresponding to monomeric recombinant Rpo13. This indicates that not
all Rpo13 is associated with the archaeal RNAP within the S. acidocaldarius cell
extract. Thus, the hypothesis that Rpo13 temporarily associates with the RNAP
cannot be excluded. A more rigorous analysis of the in vivo distribution of Rpo13
versus the one of bulk RNAP in its elongating form is needed. It is also interesting
to note that the RNAP in the S. acidocaldarius cell extract has a broader elution
profile than the purified RNAP, eluting as a broad peak between the void volume of
the column and the same fractions that the purified RNAP occupies. These higher
molecular weight complexes may contain additional protein factors in a holo-enzyme
complex, such as translation factors, since transcription and translation is thought
to be coupled in Archaea [58].
In summary, I have purified the new, archaeal-specific Rpo13 subunit and found
it to bind to DNA with low affinity but with specificity for dsDNA. Furthermore, the
third, positively charged C-terminal tail is most likely the major determinant of DNA
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binding, since I observed no DNA binding activity upon incubation of the ∆C Rpo13
with dsDNA. Moreover, I found that Rpo13 binds to DNA with no specificity for
the major or minor DNA groove; rather, it associates with the negatively charged
phosphate backbone, and not in such a manner to introduce DNA supercoiling.
In addition, within the S. acidocaldarius cell extract, not all Rpo13 is associated
with the archaeal RNAP, suggesting that Rpo13 might only temporarily associate
with the RNAP, having more a transcription factor-like role. Indeed, Rpo13’s α2
helix is characterized by polar residues, and it shows some similarity to the charged
region of Tfg1-like factors of TFIIF [180]. Finally, I show that in solution Rpo13
forms mainly dimers [179], a behaviour shared with TFIIF, which has a specific
dimerisation domain preceding the charged region [61], [39].
To conclude, the archaeal RNAP of the Sulfolobus genus is thought to achieve
and enhance DNA downstream stabilisation through a hinge movement of the Rpo1
jaw lobe subunit. This might constitutively lock onto the downstream DNA, and by
the interaction of a new Rpo13 subunit be able to bind to dsDNA but not ssDNA.
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Chapter 5

The Function of Rpo13 in the
Context of Transcription
5.1

Introduction

In this study, I propose that Rpo13 interacts with the negatively charged DNA
phosphate backbone, with specificity for dsDNA as opposed to ssDNA [180].
Specifically, the third, positively charged C-terminal tail is the major determinant of
DNA binding [180]. Therefore, at initiation, the third C-terminal tail could provide
a lock point, against which the main RNAP body can push or twist the DNA,
while α1 and α2 helices act as constitutive anchors onto the RNAP [96]. During
elongation, these locking interactions would be overcome by the translocation forces
but may still affect DNA duplex stability [96]. Thus, Rpo13 may perform some of
the roles attributed to the eukaryotic-specific initiation factors missing in Archaea.
Indeed, archaeal homologues of TBP and TFB exist and are sufficient for
accurate and efficient in vitro transcription ([77], [138]).

TFE plays only a

stimulatory role under conditions where promoter recognition by TBP is sub-optimal
([12], [72]). No archaeal homologues of the remaining transcription factors such as
TFIIA and TFIIF have been identified to date. Homologues of the TFIIH subunits
XPB and XPD do exist, but are involved in nucleotide excision repair [142], [147].
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Furthermore, analysis of reconstituted in vitro reactions performed in the presence
of ATP or an ATP analogue revealed the same transcription levels ([17]), suggesting
that a TFIIH-like ATPase activity is not required. Hence, archaeal promoter opening
differs from RNAPII-directed open complex formation in that it is not driven by the
helicase action of TFIIH. Therefore, the third C-terminal tail of Rpo13 could act as
a barrier against which RNAP can twist the DNA, thus replacing the major role of
TFIIH for eukaryotic promoter opening. It would be interesting to remove Rpo13
from the archaeal RNAP in order to directly test the role of Rpo13 in promoter
opening.
Moreover, upon initial analysis of the archaeal TBP-TFB-DNA crystal structure,
it was thought that the orientation of the TBP-TFB-DNA pre-initiation complex
assembly on the promoter is inverted with respect to that observed in the equivalent
crystal structures of eukaryotic systems ([97]). Thus, the C-terminal tail of TBP
binds to the downstream end of the TATA box as opposed to the upstream end
as in the eukaryotic system [97]. Later work however revealed that the polarity of
the archaeal TBP-TFB-DNA complex is the same as the eukaryotic TBP-TFIIBDNA complex, with the BRE promoter element defining such polarity in Archaea
[18]. Indeed, an absolute shift in the polarity of transcription was observed in
transcription assays using plasmid constructs in which the first 6 or the first 10
bases upstream and downstream of the TATA box were swapped [18]. Also, mutation
studies showed that TFB recognises the major groove of DNA upstream of the TATA
box, and that residues within the C-terminal repeat of TFB are important for this
sequence-specific recognition [18]. This is in contrast to the eukaryotic situation,
where transcription polarity is thought to be defined by the intrinsic deformability
of the TATA box, where the C-terminal repeat of TBP preferentially contacts the
more flexible end of the TATA box ([69]). Alternatively, the highly asymmetric
charge potential distribution in TBP ([94]), or the asymmetric positioning of a
proline in the C-terminal repeat may be important [87]. Additionally, a number
of TAFs in the TFIID complex, which have DNA-binding activities ([164], [31]),

84

may influence the orientation of TFIID on some promoters through TAF-DNA
interactions. Nonetheless, it is of much interest to obtain the crystal structure
of the archaeal TBP-TFB-DNA RNAP pre-initiation complex, which would define
the mode of interaction of the two transcription factors with the RNAP at the
molecular level, and the mode of RNAP’s recruitment to the DNA. Indeed, an
archaeal homologue of TFIIF, which is involved in helping TFIIB’s interaction with
the RNAP, is absent [71]. In order to avoid heterogeneity of the pre-initiation
RNAP crystal structure due to single binding events of only TBP and TFB as
well as due to conformational flexibility during the crystallisation procedure, which
would hamper the resolution of the pre-initiation RNAP crystal structure containing
both of these transcription factors as opposed to only TBP or TFB, resolution of
the crystal structure of the pre-initiation RNAP-DNA complex with a TBP-TFB
protein fusion is in current progress (Nicola Abrescia, personal communication). It
is nonetheless of interest to test the in vitro function of this TBP-TFB fusion with
respect to that of cooperative binding of individually purified TBP and TFB. The
biological relevance of the TBP-TFB fusion is currently unknown as is the possibility
that it is a good representative of TBP’s and TFB’s binding to the RNAP.

5.2
5.2.1

Results
In vitro Function of the TBP-TFB Fusion

In order to test for the in vitro function of the TBP-TFB fusion with respect to
that of cooperative binding of individually purified TBP and TFB, the TBP-TFB
fusion containing five -GSS- repeats as a linker between TBP and TFB (55 kDa) was
purified by Magda Wojtas from Nicola Abrescia’s laboratory, where it is found that
a high salt concentration of 900 mM KCl is needed in order to stabilise the TBPTFB fusion, which is prone to aggregation at standard and physiologically relevant
salt concentrations (Magda Wojtas, personal communication) (Figure5.1).
To test for any DNA binding capability of the TBP-TFB fusion and compare its
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DNA binding pattern with respect to that obtained by cooperative binding of TBP
and TFB, DNA binding reactions were performed with the dsDNA T6 promoter
sequence containing a TATA-like A box [139], [15]. As shown in Figure5.2, the
TBP-TFB fusion is capable of DNA binding. Moreover, upon quantitation of DNA
binding (Figure5.2), it was found that at lower protein concentrations, the TBP-TFB
fusion binds more to the DNA than individually added TBP and TFB proteins at
the same molar ratio. On the other hand, at higher protein concentrations, the
TBP-TFB fusion binds less to the DNA than individually added TBP and TFB
proteins at the same molar ratio (Figure5.2).

ion
B
P
TF TFB TB
P
TB
fus

kDa
78
66.2
42.7

30

17.2
12.3

Figure 5.1: SDS-PAGE gel showing 1.5 µg of TBP, TFB and the TBP-TFB fusion
containing five -GSS- repeats as a linker between TBP and TFB. TBP and TFB migrate
according to their sizes of 19 kDa and 35 kDa respectively, while the TBP-TFB fusion
migrates according to its size of 55 kDa. Staining is achieved with Coomassie Brilliant Blue.

Furthermore, in vitro transcription reactions with a plasmid containing the T6
promoter sequence containing a TATA-like A box ([15]) were performed for both the
TBP-TFB fusion and individually added TBP and TFB proteins at the same molar
ratio. As shown in (Figure5.3), in addition to DNA binding, the TBP-TFB fusion is
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Figure 5.2: DNA binding patterns of TBP + TFB and TBP-TFB fusion. (A) EMSA assay
performed with the T6 promoter sequence containing the TATA-like A box with either TBP
+ TFB or the TBP-TFB fusion containing five -GSS- repeats as a linker between TBP and
TFB. TBP + TFB and the TBP-TFB fusion were added at the same molar ratio. It is found
that the TBP-TFB fusion binds to the DNA (arrow) similarly to the cooperative binding of
TBP and TFB to the DNA. (B) Upon quantitation of DNA binding, it is found that at lower
protein concentrations, the TBP-TFB fusion binds more to the DNA than individually added
TBP and TFB proteins. On the other hand, at higher protein concentrations, the TBP-TFB
fusion binds less to the DNA than individually added TBP and TFB proteins. All EMSA
reactions were performed in triplicate.

capable to direct transcription, albeit at lower levels than individually added TBP
and TFB proteins at the same molar ratio. Background in vitro transcription in the
absence of factors with only RNAP is also observed, as previously reported [15].

5.2.2

Role of Rpo13 in Transcription

The crystal structure of the archaeal S. shibatae RNAP in the presence of bubble
DNA oligo obtained by collaborative work performed by Dr. Nicola Abrescia ([180]),
showed that the N-terminal Rpo13 region, with the first visible Cα N-terminal
Phe33 residue as well as the Glu32 residue, points towards the DNA, and the
poorly resolved, flexible C-terminal tail is also in the direction for contact with
the DNA. Specifically, as illustrated in (Figure5.4), Rpo13’s Glu32 residue contacts
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Figure 5.3: In vitro transcription reactions performed with a plasmid containing the T6
promoter sequence containing a TATA-like A box with either TBP + TFB or the TBPTFB fusion added at the same molar ratio as well as RNAP. It is found that the TBP-TFB
fusion is capable to direct transcription (arrow), albeit at lower levels than individually added
TBP and TFB proteins at the same molar ratio. Background in vitro transcription in the
presence of only RNAP is also observed, since the RNAP purified from cells is likely to be
contaminated with factors. All reactions contain 200 ng of RNAP.

dsDNA after the DNA bubble, in conjunction with other subunits’ residues [180].
I wished to test whether these contacts of Rpo13 with the DNA contribute to
DNA unwinding and open complex formation and promote efficient transcription.
I therefore performed in vitro transcription reactions with purified, endogenous S.
shibatae RNAP and the bubble oligo substrate, which is 47 nucleotides long, as
well as the equivalent DNA sequence in dsDNA linear form. The purpose of this
assay is to test whether the RNAP can promote transcription from the bubble oligo
substrate, bypassing the requirement of TBP and TFB. As can be seen in Figure5.5,

88

when the RNAP is incubated with the bubble oligo substrate, a RNA product of
the size between 35 and 40 nucleotides is observed, which is present at a lower
amount in the reaction containing RNAP and the linear dsDNA, or not present at
all. Addition of either TBP of TFB or both of these transcription factors does not
change the amount of observed product (Figure5.5). No transcription is observed in
the absence of RNAP. Furthermore, the same in vitro transcription reactions were
performed at different temperatures of 48 ◦ C, 55 ◦ C, 65 ◦ C and 75 ◦ C (Figure5.6). It
can be observed that transcription levels of the product of the size between 35 and 40
nucleotides increase with increasing temperature when performed with the bubble
oligo substrate, with the most efficient transcription occurring at the physiologically
relevant 65 ◦ C temperature (Figure5.6). On the other hand, no difference is observed
when the same reactions are performed with the linear dsDNA. No transcription is
observed in the absence of RNAP. Thus, incubation of the RNAP with the bubble
oligo substrate, which in the RNAP crystal structure is shown to make contacts with
the N- and C-termini domains of Rpo13, leads to the formation of a RNA product
of the size between 35 and 40 nucleotides specific for the bubble oligo substrate.

ACTGTAACTTT
5’

3’
GAAACCATTTTT

TCTTATACTCTATCTATATAAG

CACTTTGGTAAAAA
3’

AGAATATGAGATAGATATATTC
5’
ACTTGGGAGAT

E32
(Rpo13)

Figure 5.4: Bubble oligo substrate, which is 47 nucleotides long, used for the crystallisation
procedure of the archaeal S. shibatae RNAP in complex with the DNA ([180]). It is found
that the Rpo13’s Glu32 residue contacts dsDNA after the DNA bubble, in conjunction with
other subunits’ residues.

I noted that products bigger than the 47 nucleotide long oligo substrate were
synthesised when the in vitro transcription reactions were carried on with the oligo in
either its bubble form or linear form (Figure5.5), (Figure5.6). In order to test for any
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Figure 5.5: In vitro transcription reactions performed with the bubble oligo substrate in the
presence of RNAP alone or in conjunction with the transcription factors. (A) Reactions
were performed in the presence of transcription factors, with the DNA oligo either in the
bubble form or linear form. A transcription product of a size between 35 and 40 nucleotides is
obtained upon incubation with the bubble DNA oligo form (arrow), where the same product is
obtained at a lower amount when reactions were performed with the linear DNA oligo form.
(B) Reactions were performed either in the presence of transcription factors, or RNAP
alone, with the DNA oligo either in the bubble form or linear form. No difference in the
obtained products is observed upon the addition of transcription factors. A transcription
product of a size between 35 and 40 nucleotides is obtained only upon incubation with the
bubble DNA oligo form (arrow). All reactions contain 200 ng of RNAP.

competing primer-extension reaction, where hybrid DNA-RNA products are formed
which could account for these larger products, in vitro transcription reactions were
performed followed by DNA digestion with DNase, which would digest any DNA
and leave only the RNA products. As shown in Figure5.7, upon DNase digestion,
the product’s size is reduced to products smaller than 40 nucleotides in both the
bubble oligo substrate and linear dsDNA. This indicates the presence of DNA-RNA
hybrid products in the absence of DNase digestion of size bigger than 47 nucleotides,
which are formed upon RNAP’s de novo RNA synthesis with priming on the DNA
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Figure 5.6: In vitro transcription reactions performed with the bubble oligo substrate in the
presence of RNAP alone and at different temperatures, ranging from 48 ◦ C to 75 ◦ C. An
increase in the amount of transcribed product of the size between 35 and 40 nucleotides is
observed upon increasing temperature only for the bubble DNA oligo form (arrow), with the
most efficient transcription occurring at the physiologically relevant 65 ◦ C temperature. All
reactions contain 200 ng of RNAP.

bubble oligo substrate and linear dsDNA.

5.2.3

Attempts at Removing Rpo13 from the Archaeal RNAP

To test for a more direct role of Rpo13 in RNAP in vitro transcription by promoting
DNA unwinding and open complex formation, a removal procedure based on the one
described by Lanzerdorfer and coworkers was performed [104]. Indeed, obtaining a
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Figure 5.7: Products bigger than the 47 nucleotide long oligo substrate are observed when
the in vitro transcription reactions are carried on either with the oligo in its bubble form or
linear form. Upon DNase digestion, the product’s size is reduced to products smaller than
40 nucleotides. This indicates the presence of DNA-RNA hybrid products in the absence
of DNase digestion of size bigger than 47 nucleotides, possibly due to a competing primerextension reaction carried on by the RNAP.

RNAP enzyme deficient in Rpo13 would allow comparison of its ability to direct in
vitro transcription with wild-type RNAP, and so directly assess the role of Rpo13 in
transcription. According to the procedure described by Lanzerdorfer and coworkers,
an ammonium acetate gradient resolves the RNAP bound to a positively charged
MonoQ column into different RNAP peaks, the first one being deficient in the Rpo13
subunit and the remaining ones being RNAP variants each containing a different
Rpo13 component [104]. I followed this procedure (Figure5.8), and obtained several
RNAP peaks as previously described [104]. Each peak was characterised in terms
of Rpo2 (120 kDa) and Rpo13 (20 kDa) subunits, by western blots performed with
corresponding antibodies. However, the very first peak, previously identified as an
RNAP deficient in the Rpo13 subunit (elutes with an ammonium acetate percentage
92

of around 50%) was found to contain Rpo13, albeit of a different size from Rpo13 in
the input RNAP sample (Figure5.8). The other RNAP peaks also display different
sized Rpo13s. Fractions corresponding to the first peak were pooled together, and
subjected to another ammonium acetate gradient in a further attempt to remove
Rpo13. However, as can be seen (Figure5.8), fractions corresponding to the RNAP
peak are still found to contain Rpo13 in a different form from to that of Rpo13 in the
input sample. Furthermore, the binding capacity of Rpo13 to the MonoQ column
was tested (Figure5.9), as this underpins the removal of Rpo13 from RNAP through
the ammonium acetate gradient. The affinity of Rpo13 for the MonoQ column
should be different to that of RNAP. As can be seen (Figure5.9), S. acidocaldarius
Rpo13 is found to bind to the MonoQ column, as well as S. shibatae Rpo13 (data
not shown). Furthermore, it elutes with a higher percentage of ammonium acetate
of around 40%, which indicates a different and lower Rpo13 affinity for the MonoQ
column than the first RNAP peak.
As an alternative strategy, an experiment was set up, with excess recombinant
His-tagged Rpo13 incubated with recombinant, purified RNAP. If subunit exchange
occurs between soluble, recombinant Rpo13 and the endogenous Rpo13 in RNAP,
then upon passing of the incubation samples through a Ni2+ -NTA-column, Histagged Rpo13 should pull-down the entire RNAP. Both incubation reactions were
performed with buffer containing either 1% of Triton or 1 M of NaCl. As expected
(Figure5.10), upon incubation of buffer control only with no Rpo13, all RNAP was
found in the supernatant as monitored by western blot performed with the antibody
against Rpo2. Upon incubation of either 1% Triton or 1 M NaCl buffer containing
Rpo13, all RNAP was also found in the supernatant as monitored with a western
blot. Therefore, binding of His-tagged Rpo13 to the Ni2+ -NTA beads does not pull
down the entire RNAP.
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Figure 5.8: Attempt at resolving different RNAP forms with an ammonium acetate
gradient. Five different RNAP peaks (1-5) are found to elute upon the application of the
ammonium acetate gradient. The first RNAP peak, previously identified as deficient in the
Rpo13 subunit, elutes with an ammonium acetate percentage of around 50%. However, upon
western analysis with antibodies against Rpo2 and Rpo13, it is found that the first RNAP
peak contains Rpo13, albeit of a different form from that of the Rpo13 of the input RNAP
sample. Repetition of the ammonium acetate gradient on the first RNAP peak (1) leads to
another RNAP peak (6), which is still found to contain Rpo13 of a different form from that
of the Rpo13 of the input RNAP sample.

5.3

Discussion

The TBP-TFB fusion containing five -GSS- repeats as a linker between TBP and
TFB is found to need 900 mM KCl to be stabilised in solution, since it is prone
to aggregation at standard and physiologically relevant salt concentrations. This is
most likely due to protein aggregation through hydrophobic interactions. A high
salt concentrations, ions coat the molecule instead of water molecules, leaving more
free water molecules for protein solvation. Furthermore, the TBP-TFB fusion is
found to not only bind the dsDNA T6 promoter sequence containing a TATA-like
A box similarly to cooperative TBP and TFB binding, but also shows a different
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Figure 5.9: Recombinant S. acidocaldarius Rpo13 is found to bind to the MonoQ column,
where it elutes with a lower percentage of ammonium acetate of around 40%. This indicates
a lower Rpo13’s affinity for the MonoQ column than the first RNAP peak obtained upon the
application of an ammonium acetate gradient on the RNAP sample.

binding pattern at various protein concentrations to that obtained from cooperative
TBP and TFB binding. Specifically, at lower protein concentrations, the TBP-TFB
fusion binds more to the DNA than individually added TBP and TFB proteins at
the same molar ratio. On the other hand, at higher protein concentrations, the
TBP-TFB fusion binds DNA less than individually added TBP and TFB proteins.
This can be explained by the fact that, at lower protein concentrations, simultaneous
binding events of both TBP and TFB fused together are more likely than unique
and separate binding events of separate TBP and TFB. However, upon increasing
protein concentrations, a cooperative effect between TBP and TFB occurs, where
not only TBP binding to DNA recruits TFB, but also TFB interactions with the
TATA-box in addition to the BRE element favours TBP binding. It is possible
that the geometry of the five -GSS- repeats linker constrains the most favourable
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Figure 5.10: Incubation procedure (A), where recombinant, archaeal RNAP is incubated
with an excess of recombinant, His-tagged Rpo13 (B). Upon incubation of buffer control
only with no Rpo13 and passing through the Ni2+ -NTA beads, all RNAP is found in the
supernatant as monitored with a western blot performed with the antibody against Rpo2 for
both buffers containing either 1% of Triton or 1 M of NaCl. Upon incubation of buffer
containing Rpo13 and passing through the Ni2+ -NTA beads, all RNAP is also found in the
supernatant as monitored with a western blot performed with the antibody against Rpo2 in
both buffer conditions. Therefore, the RNAP is not pulled down upon binding of His-tagged
Rpo13 to the Ni2+ -NTA beads.

TBP and TFB binding modes to DNA, preventing contacts between TBP and TFB
which underpin the cooperative effect. Most importantly, the TBP-TFB fusion is
found to be able to direct in vitro transcription of RNAP, albeit at lower levels,
most likely due to the lower binding affinity to DNA. Thus, the TBP-TFB fusion
is physiologically relevant. A crystal structure of the RNAP-DNA pre-initiation
complex together with TBP-TFB fusion would yield important insights into the
mode of RNAP recruitment to DNA by the transcription factors.
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Archaea lack homologues of the remaining eukaryotic transcription factors
involved in pre-initiation complex formation and promoter escape. The binding
of Rpo13 to DNA has been proposed to have an effect in transcription initiation,
where the third C-terminal tail of Rpo13 could act as a barrier against which RNAP
can twist the DNA, thus replacing the major role of TFIIH in eukaryotic promoter
opening [96]. Upon analysis of the crystal structure of the archaeal S. shibatae RNAP
in the presence of bubble DNA oligo obtained by collaborative work performed
by Dr. Nicola Abrescia ([180]), it was found that the N-terminal Rpo13 region,
with the first visible Cα N-terminal Phe33 residue as well as the Glu32 residue,
points towards the DNA, and the poorly resolved, flexible C-terminal tail is also
in the direction for contact with the DNA. Since the N-terminal contacts with the
DNA are made after the DNA bubble, it is thought that, in conjunction with other
subunits residues, Rpo13 contacts with the DNA contribute to DNA unwinding by
pulling apart the DNA strands. The in vitro transcription assays performed with
the RNAP and the bubble oligo substrate as well as the same DNA sequence in
dsDNA linear form reveal a product of around 35-40 nucleotides only in the bubble
oligo substrate case. No product of 22 nucleotides is observed, which would arise
from the internal TSS. Thus, initial localised DNA melting is not enough for the
RNAP’s subunits including Rpo13 to make the remaining contacts along the DNA
oligo and contribute to DNA strand pulling for efficient transcription. Instead, the
product of around 35-40 nucleotides most likely arises from terminal transcription
initiation due to the breathing of the bubble oligo substrate at its ends due to the
high temperature and due to the overhang at the 3’ end. Furthermore, products
of a higher size than 47 nucleotides appear to be due to either DNA contamination
from the RNAP preparation or a RNAP’s competing primer-extension reaction.
The size of these products is indeed reduced upon DNase digestion, indicating the
presence of DNA-RNA hybrid molecules. It may be possible that the oligo DNA
forms DNA hairpins, upon which the RNAP extends the DNA ends in de novo RNA
synthesis, as previously reported for the T7 RNAP and the viral RNAPs from the
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poliovirus and the SARS-coronavirus [148], [125], [144], [157]. In summary, my in
vitro transcription assays argue against the idea that Rpo13 makes valuable DNA
contacts further down the DNA template bubble, favouring DNA unwinding and
thus transcription. Rpo13’s direct role in transcription needs to be assessed by its
removal from the RNAP. The activity of the Rpo13-decifient RNAP could then be
compared to wild-type RNAP. This would allow a more direct appreciation of Rpo13
function.
A removal procedure based on Lanzerdorfer and coworkers [104] was performed,
using an ammonium acetate gradient to resolve RNAP binding to a positively
charged MonoQ column. This should yield different RNAP peaks, the first one
being deficient in the Rpo13 subunit. This method is based on the idea that Rpo13
is a labile subunit, and its binding affinity for the MonoQ within the RNAP context
is higher than the binding affinity for the remaining RNAP. Hence, it should bind
more strongly to the column than the rest of the RNAP. A higher ammonium acetate
percentage is needed for its elution, while a lower one is needed for RNAP elution,
allowing for the separation of the two protein components. By running recombinant
Rpo13 on the MonoQ column, I found that it binds to the MonoQ column, eluting
at around 40% ammonium acetate, as opposed to a percentage of around 50% for
elution of RNAP from S. acidocaldarius cell extract. Indeed, the negatively charged
N-terminal region of Rpo13 mediates its binding to the positively charged MonoQ
matrix. However, when the first peak corresponding to purified RNAP as well as the
remaining RNAP peaks were characterised in terms of Rpo2 and Rpo13 subunits
with western blots performed with their corresponding antibodies, all were found to
have the Rpo13 subunit, albeit of a different form from Rpo13 in the input RNAP.
This is most likely explained by different charge densities due to different methylation
patterns of lysine residues [23], which will create different Rpo13 mobilities. It is
possible that Rpo13 within the RNAP context does not bind the MonoQ column as
well as recombinant Rpo13. Also, Rpo13 methylation could shield Rpo13 affinity for
the MonoQ column. Possibly purified RNAP obtained from the S. acidocaldarius
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culture used in this study has a different overall methylation pattern for the different
subunits including Rpo13 than that employed by Lanzerdorfer and coworkers ([104]).
Furthermore, the various observed RNAP peaks could be due to the presence of DNA
contaminant that also binds to the positively charged MonoQ matrix.
Finally, an alternative procedure consisting in incubating His-tagged Rpo13
with purified RNAP was set up to promote subunit exchange between soluble,
recombinant Rpo13 and the endogenous Rpo13. If Rpo13 subunit exchange occurs
between recombinant Rpo13 and endogenous RNAP, then by passing the incubation
samples through a Ni2+ -NTA-column, His-tagged Rpo13 should act to pull-down the
entire RNAP. However, no pull down of RNAP by the Rpo13 subunit was observed,
indicating that no exchange of subunits occurred in the two buffers used. Indeed,
1% of Triton as well as 1 M of NaCl were insufficient to disrupt hydrophobic and
electrostatic interactions between the endogenous Rpo13 and the RNAP respectively
and so promote subunit exchange.
In summary, I showed that TBP-TFB fusion containing five -GSS- repeats as a
linker between TBP and TFB is functional, in that it not only binds to the DNA
similarly to cooperative binding of TBP and TFB, but it is also able to direct
transcription. This is a complementary analysis to the structural studies currently
performed by collaborative work by Dr. Nicola Abrescia, which will yield insights
into the crystal structure of the archaeal RNAP-TBP-TFB complex. The crystal
structure will enable the understanding of the mode of RNAP recruitment to the
DNA by TBP and TFB in Archaea. Furthermore, no archaeal homologues of the
eukaryotic transcription factors that play pivotal roles in eukaryotic transcription
initiation are currently identified. I propose that the newly identified, archaealspecific Rpo13 subunit performs some of the roles attributed to the eukaryoticspecific initiation factors missing in Archaea. It has been shown that both the
Rpo13 N-terminus and flexible C-terminal tail make contact with a bubble DNA
oligo substrate in the new archaeal RNAP-DNA crystal structure [180].

It is

thought that the contacts of Rpo13 with DNA help unwind it, so promoting
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transcription, in analogy to the role played by eukaryotic transcription factors.
Whilst no transcription product arising from the internal TSS of the bubble DNA
oligo substrate is observed, the removal of Rpo13 from RNAP by alternative methods
than the ones described in this chapter may allow a more direct role of Rpo13 in
transcription to be appreciated.
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Chapter 6

Interaction between RPC34 and
the Single Archaeal RNAP
6.1

Introduction

Recent analysis of archaeal genomes has identified an archaeal homologue of the
eukaryotic RNAPIII-specific RPC34 subunit [22], which together with RPC82 and
RPC31 forms the RNAP-III-associated C82/34/31 complex [56].

The archaeal

RPC34 was predicted to have a winged-helix (WH) domain as well as a zincfinger domain shared with most eukaryotic RPC34 sequences (Figure6.1) [22]. Thus,
Archaea not only contain the TFE factor, which is monomeric and corresponds to
the N-terminal half of the TFIIE-α subunit involved in RNAP-II modulation, but
also RPC34, the eukaryotic homologue involved in RNAP-III transcription. This
later protein is related to the TFIIE-β subunit, in that it contains two adjacent WH
domains in the N-terminal region similarly to TFIIE-β [61].
Analysis of the genomic context of the archaeal RPC34 revealed the colocalisation of this gene with factors involved in the transcription, modification and
processing of structural rRNAs and tRNAs, such as a tRNA pyrophosphorylase,
and a paralog of TFB referred to as TFB-2 (Figure6.2) [22]. Therefore, TFB2 may interact with the archaeal RPC34 to promote transcription of structural
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Figure 6.1: RPC34’s location on the eukaryotic RNAP-III. (A) Location of the eukaryotic
RPC34 on RNAP-III, where the two RPC34’s WH domains (B)) are assigned to a
prominent density which forms a suspension over the cleft from the clamp to the protrusion.
Indeed, the two WH domains (PDB codes 2DK5 and 2DK8) fit the two lobes of the structure,
and RPC34 crosslinks to promoter DNA around position +21 [11], which is adjacent in the
homologous Pol II promoter complex model [98]. (B) The WH domains are characterised
by a two-strand β sheet which forms a prominent β shairpin structure (wing) and a bundle
of α helices. The figure is recreated from [161], where the electron microscopy structure of
the RNAP-III is EMD-1753.

promoters similarly to the eukaryotic interaction between RPC34 and TFIIIB70
[29], [91], [173]. Indeed, while TBP and TFIIB are necessary and sufficient for
the RNAP-II recruitment to the DNA, RNAP-III requires RPC34 to mediate the
interaction between TFIIIB70 and RNAP-III[29], [91], [173]. Therefore, the archaeal
RPC34-TFB-2 complex may associate with the single archaeal RNAP similarly to
the association of RPC34-TFIIIB70’s with the RNAP-III.
Qureshi and coworkers showed that transcription from the structural 16S/23S
rRNA promoter could be successfully initiated in the absence of RPC34. This
indicates that there is no strict RPC34 requirement for this promoter recognition and
RNAP recruitment. The different transcription levels obtained by the reconstituted
system and crude extract suggest potential regulatory roles for further transcription
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Figure 6.2: The S. acidocaldarius RPC34 gene (Saci 1342) is colocalised with factors
involved in the transcription, modification and processing of structural rRNAs and tRNAs.
Examples include TFB-2, which is a TFB homologue, Saci 1340, which functions in a
trimeric complex to guide RNA-target RNA complexes for the purposes of pseudouridylation,
Saci 1343, which is a N(2),N(2)-dimethylguanosine tRNA methyltransferase, and Saci 1346,
which is a fibrillarin-like rRNA methylase.

factors absent in the reconstituted system, which may include RPC34 [138]. The
WH domain of RPC34 might mediate protein-DNA interactions, considering that
eukaryotic RPC34 was cross-linked to DNA in transcription initiation complexes,
where it is located at the most upstream position relative to the start site [11].
Indeed, the eukaryotic RPC34 subunit is located to the RNAP-III saddle and
stalk [56], where its WH domains are located over the cleft from the clamp to the
protrusion similarly to TFIIE, and contact the DNA (Figure6.1)[161]. Furthermore,
RPC34 was also found to influence the formation of the open promoter complex,
since the initiation reaction of a RNAP-III mutant with the mutagenised RPC34
subunit, deficient in TFIIIB70 recruitment, was found to be temperature dependent
[29]. This indicates that a proper RPC34-TFIIIB70 interaction is not only necessary
for correct RNAP-IIII recruitment, but also for open complex formation [29].
Alternatively, RPC34 might simply help the recruitment of the archaeal RNAP
through interaction with its clamp domain and, similarly to the RNAP-III system
[136], increase transcription levels. It is therefore of much interest to analyse both
the in vitro and in vivo RPC34 interaction with the single, archaeal RNAP, in
conjunction with RPC34’s interaction with TFB-2. If such interactions exist, the
association of the complex formed by RPC34 and TFB-2 with the RNAP would
define a new form of archaeal RNAP. Furthermore, the complex could modulate the
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specificity of the archaeal RNAP for the transcription of a subset of genes, such as
non-coding rRNA and tRNA genes, in analogy to the RNAP-III/TFIIIB70/RPC34
system. Thus, the split of RNAP into the various, gene-class specific forms may
have already occurred in Archaea.

6.2
6.2.1

Results
In vitro RPC34’s Interaction with the Archaeal RNAP

In order to test for an in vitro interaction between RPC34 and the single archaeal
RNAP, a glutathione-S-transferase (GST)-pull down assay was performed. In this
assay, either GST protein on its own or a RPC34-GST fusion was incubated with
either buffer control or S. acidocaldarius cell extract. If the RNAP binds to RPC34,
a band corresponding to the Rpo2 subunit (120 kDa) should be seen by western
blot analysis with the antibody against the Rpo2 subunit. As shown in (Figure6.3),
upon western blot analysis of the samples, a band corresponding to the size of the
Rpo2 subunit of 120 kDa is seen only when the RPC34-GST fusion is incubated
with the S. acidocaldarius cell extract but not with the buffer control. No band
was detected when the GST protein is incubated with either the buffer control or S.
acidocaldarius cell extract.
In order to analyse RPC34’s interaction with the various, individual RNAP
subunits, a yeast two-hybrid screen was subsequently performed. In this screen,
the various RNAP subunits are encoded in fusion with the Gal4 activation domain,
while RPC34 is encoded in fusion with the Gal4 binding domain. If interaction of
RPC34 occurs with any of the RNAP subunits, yeast growth occurs in the selective
-his plate. The his reporter gene in the AH109 yeast strain is under the control
of the Gal4-responsive promoter element, which is activated upon binding of both
Gal4 activation and binding domains brought together by the interacting partners.
As can be seen in Figure6.4, all yeast strains grow in the permissive -trp and leu condition, which select for both coding plasmids. Furthermore, selective yeast
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Figure 6.3: A GST-pull down assay, where both GST and RPC34-GST (left) are incubated
with either buffer control or S. acidocaldarius cell extract (3 mg/ml). Upon western blot
analysis of the samples, a band corresponding to the size of the Rpo2 subunit of 120 kDa is
seen only when the RPC34-GST fusion is incubated with the S. acidocaldarius cell extract
but not with the buffer control, or when the GST protein on its own is incubated with either
the buffer control or S. acidocaldarius cell extract.

growth in the -trp, -leu and -his condition is observed upon yeast co-transformation
with the plasmids encoding RPC34 in fusion with the Gal4 binding domain and
the Rpo8 subunit in fusion with the Gal4 activation domain. As a positive control
yeast growth was also obtained with the previously reported interaction between
Gins15 and RecJ components of the DNA replication machinery (Figure6.4) [118].
No yeast growth is observed upon yeast co-transformation with empty plasmids. The
equivalent selective yeast growth is not obtained when the yeast is co-transformed
with both empty plasmid coding only for the Gal4 binding domain and the Rpo8
subunit in fusion with the Gal4 activation domain (Figure6.4). However, selective
growth is observed when the yeast is co-transformed with empty plasmid coding
only for the Gal4 binding domain and either the Rpo3, Rpo4, Rpo6, Rpo7 and
Rpo12 subunits in fusion with the Gal4 activation domain (Figure6.4). Finally, as
shown in (Figure6.4), all yeast strains show no growth in the presence of 2.5 mM
3–amino–1,2,4–triazole (3–AT), which is an inhibitor of the product of the his3 gene,
imidazoleglycerol-phosphate dehydratase, involved in histidine synthesis, except for
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Figure 6.4: Yeast two-hybrid screen, where an interaction between RPC34 and the RNAP’s
subunits is tested. Yeast strains co-transformed with plasmids coding for either pGBKRPC34 or pGBK in conjunction with the individual RNAP subunits encoded in pGAD
plasmids grow the in the permissive -trp and -leu condition, which selects for pGBK and
pGAD plasmids. However, upon growth in the selective -trp, -leu and -his condition, only the
yeast strains co-transformed with plasmids coding for pGBK-RPC34 and the Rpo8 subunit
encoded in the pGAD plasmid (blue box) as well as plasmids coding for Gins15 and RecJ
(pink box), used as a positive control, are observed to grow. Furthermore, upon growth in the
selective -trp, -leu and -his condition, only the yeast strains co-transformed with plasmids
coding for pGBK and the Rpo3, Rpo4, Rpo6, Rpo7 and Rpo12 subunits encoded in the pGAD
plasmid (blue boxes) are observed to grow. Finally, all yeast strains do not show any growth
in the presence of 2.5 mM 3-AT, except for yeast growth obtained upon interaction of Gins15
with RecJ (green box).

6.2.2

RPC34’s Cloning and Purification

In order to study the role of RPC34 from an in vivo perspective, a plasmid coding
for S. acidocaldarius His-tagged RPC34 was generated as described in the Chapter
2 (Materials and Methods). RPC34 was found to be insoluble and in the pellet
fraction after cell disruption, indicating that RPC34 is expressed in inclusion bodies
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(Figure6.5). Therefore, RPC34 was subsequently purified in its denatured form in
the presence of 8 M urea. As can be observed in Figure6.5, an enriched preparation
of RPC34 was obtained (molecular weight of 15 kDa).

A

B
kDa

t
ble
e
u
l
l
l
So
Pe

kDa
66

45
36

45
36

29
24

29
24

20

20

14

14

Native RPC34

RPC34-(His)6

Figure 6.5: RPC34 expressed under standard conditions is found to be expressed in the
inclusion bodies, and hence in the pellet fraction of the cell lysate after centrifugation (A)).
RPC34 expressed in the presence of 8 M urea is found to be soluble, and in its denatured
form, where it is found to migrate in the SDS-PAGE gel subsequently stained with Coomassie
Brilliant Blue according to its molecular weight of 15 kDa (B)

.

6.2.3

Antibody against RPC34

A rabbit antibody was raised against the purified, recombinant and denatured
S. acidocaldarius RPC34. As shown in Figure6.6, upon incubation of the preimmune serum control with S. acidocaldarius cell extract and pure RPC34, no
bands corresponding to the size of RPC34 are observed. On the other hand, upon
incubation of the antibody from the final-bleed serum with S. acidocaldarius cell
extract and pure RPC34, similar bands corresponding to the size of RPC34 of 15 kDa
were observed (Figure6.6), indicating a successful rabbit immune-response against
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recombinant and denatured RPC34. Most importantly, the antibody raised against
recombinant, denatured RPC34 also recognises the endogenous RPC34 in the S.
acidocaldarius cell extract.
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Figure 6.6: An antibody was raised against recombinant S. acidocaldarius RPC34 in
its denatured form in the presence of 4 M urea. Upon incubation of the pre-immune
serum control with S. acidocaldarius cell extract and pure, denatured RPC34, no bands
corresponding to the size of RPC34 are observed, with the exception of background bands.
Upon incubation of the antibody from the final-bleed serum with S. acidocaldarius cell extract
and pure, denatured RPC34, similar bands corresponding to the pattern of gel migration of
RPC34 of 15 kDa are observed, denoted with an arrow. The higher migration of recombinant,
denatured RPC34 is due to the presence of the His-tag. Furthermore, the antibody raised
against recombinant, denatured RPC34 also recognises the endogenous RPC34 in the S.
acidocaldarius cell extract.

6.2.4

In vivo RPC34 Interaction with the Archaeal RNAP

In order to test for an in vivo interaction between RPC34 and the single archaeal
RNAP as well as the in vivo relevance of the GST-RPC34 pulldown of the
RNAP characterised in terms of Rpo2 subunit, a co-immunoprecipitation (Co-IP)
procedure was performed including the newly raised antibodies against RPC34 and
Rpo13. First of all, the two antibodies were tested for immunoprecipitation of
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their corresponding antigens upon incubation with the S. acidocaldarius cell extract,
where western blots were performed with the same antibodies to test for antigenrecognition of the immunoprecipitated antigens. As shown in Figure6.7, western
blot bands corresponding to RPC34 and Rpo13 of the size of 15 kDa and 20 kDa
respectively were observed in the bead fractions when RPC34 and Rpo13 antigens
are immunoprecipitated. In contrast bands corresponding to RPC34 and Rpo13
were observed in the supernatant fraction when the immunoprecipitation procedure
is carried on with the pre-immune serum. Thus, both RPC34 and Rpo13 antigens are
immunoprecipitated by their antibodies bound to protein-A sepharose beads upon
incubation with the S. acidocaldarius cell extract. In order to test for an in vivo
interaction between RPC34 and the RNAP, Rpo13, Rpo2 and RPC34 antigens were
immunoprecipitated with their corresponding antibodies, where western blots with
different antibodies were subsequently performed in order to test for an interaction
between the immunoprecipitated antigen and its corresponding interactant partner.
First of all, as observed in Figure6.8, western blot bands corresponding to RPC34
of the size of 15 kDa were observed in the supernatant but not bead fractions when
the Rpo13 immunoprecipitation is performed with the pre-immune as well as the
immune sera. Secondly, western blot bands corresponding to Rpo13 of the size of
20 kDa were observed in the supernatant but not bead fractions when the RPC34’s
immunoprecipitation procedure was performed with the pre-immune as well as the
immune sera (Figure6.8). Thirdly, western blot bands corresponding to RPC34
and Rpo13 of the size of 15 kDa and 20 kDa respectively were observed in the
supernatant but not bead fraction when the Rpo2 antigen was immunoprecipitated
by its antibody (Figure6.8). Therefore, no interactions could be obtained between
these different protein combinations in these experiments.
To try and reduce the high background signal due to the antibodies and thus
increase the sensitivity of the assay, the various co-immunoprecipitation assays
were repeated with cross-linked antibodies to the protein-A sepharose beads with
subsequent elution of the antigen-interactant partner.
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Figure 6.7: IP assays, where the two antibodies raised against Rpo13 and RPC34 are
tested for immunoprecipitation. Western blots are performed with the same antibodies to
test for antigen-recognition of the immunoprecipitated antibodies upon incubation with the
S. acidocaldarius cell extract. Western blot bands corresponding to Rpo13 and RPC34 of the
size of 20 kDa and 15 kDa respectively are observed in the beads fraction when the antigens
are immunoprecipitated by their corresponding antibodies in the immune serum (arrows),
while bands corresponding to Rpo13 and RPC34 are observed in the supernatant fraction
when the immunoprecipitation procedure is performed with the pre-immune serum. The
remaining signal corresponds to IgG chains.

Figure6.9, western blot bands corresponding to RPC34, Rpo13 and Rpo2 of the
size of 15 kDa, 20 kDa and 120 kDa were observed in the beads fractions only when
the antigen is immunoprecipitated by its corresponding antibody. Furthermore,
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Figure 6.8: Co-IP assays to test for an interaction between the archaeal RPC34 and
the single archaeal RNAP. Upon immunoprecipitation of the antibodies against RPC34 and
Rpo13, no co-immunoprecipitation of Rpo13 and RPC34 is observed, as western-blot bands of
the size of 20 kDa and 15 kDa respectively are observed only in supernatant samples (arrows).
Upon immunoprecipitation of the antibody against Rpo2, no co-immunoprecipitation of either
Rpo13 and RPC34 is observed, as western-blot bands of the size of 20 kDa and 15 kDa
respectively are observed only in the supernatant samples (arrows). The remaining signal
corresponds to IgG chains.

western blot bands corresponding to RPC34 and Rpo13 of the size of 15 kDa
and 20 kDa were observed in the supernatant fractions when Rpo13 and RPC34
antigens are immunoprecipitated, respectively (Figure6.10). In addition, a western
blot band corresponding to RPC34 of the size of 15 kDa was observed in the
supernatant fraction when the Rpo2 antigen is immunoprecipitated (Figure6.10).
Moreover, a western blot band corresponding to Rpo2 of the size of 120 kDa was
observed in the beads fraction when the Rpo13 antigen is immunoprecipitated, albeit
present at low levels in the supernatant fraction, while it was only present in the
supernatant fraction when the immunoprecipitation procedure was performed with
the pre-immune serum (Figure6.10). Finally, western blot bands corresponding to
Rpo2 of the size of 120 kDa were observed in the supernatant fractions when the
immunoprecipitation procedure for the RPC34 antigen was performed with either
the pre-immune or immune sera (Figure6.10). Therefore, no co-immunoprecipitation
of RPC34 was observed when Rpo13 is immunoprecipitated by its antibody;
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no co-immunoprecipitation of Rpo13 and Rpo2 was observed when RPC34 is
immunoprecipitated by its antibody; and no co-immunoprecipitation of RPC34 was
observed when Rpo2 is immunoprecipitated by its antibody. Finally, partial coimmunoprecipitation of Rpo2 was observed when Rpo13 was immunoprecipitated
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Figure 6.9: IP assays with cross-linked antibodies to the protein-A sepharose beads, where
the two antibodies raised against Rpo13 and RPC34 as well as the antibody against Rpo2
were tested for immunoprecipitation. Western blots were performed with the same antibodies
to test for antigen-recognition of the immunoprecipitated antigen upon incubation with the S.
acidocaldarius cell extract. Western blot bands corresponding to Rpo13, RPC34 and Rpo2 of
the size of 20 kDa, 15 kDa and 120 kDa respectively were observed in the beads fraction when
the antigens were immunoprecipitated by their corresponding antibodies in the immune serum
(arrows), while bands corresponding to Rpo13 and RPC34 were observed in the supernatant
fraction when the immunoprecipitation procedure was performed with the pre-immune serum.

In order to test for any variations in the level of RPC34 expression throughout the
S. acidocaldarius cell cycle, a S. acidocaldarius ‘baby machine’ cell synchronisation
procedure was performed as previously described [51]. This procedure consists of
synchronising cells at the start of the G1 phase, where in the ‘baby machine’,
an asynchronously dividing culture of cells bound to the surface of a membrane
is continually perfused with medium. As cells divide, one daughter cell remains
bound to the membrane and the other falls into the liquid medium. The liquid
eluate therefore contains early-G1 synchronised cells that have a very high degree
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Figure 6.10: Co-IP assays with cross-linked antibodies to the protein-A sepharose beads
in order to test for an interaction between the archaeal RPC34 and the single archaeal
RNAP. Upon immunoprecipitation of the antibodies against RPC34 and Rpo13, no coimmunoprecipitation of Rpo13 and RPC34 is observed, as western-blot bands of the size
of 20 kDa and 15 kDa respectively are observed only in supernatant samples (arrows). Upon
immunoprecipitation of the antibody against Rpo2, no co-immunoprecipitation of RPC34 is
observed, as western-blot bands of the size of 15 kDa are observed only in the supernatant
samples (arrows). Finally, while upon immunoprecipitation of the antibody against RPC34,
no co-immunoprecipitation of Rpo2 is observed, as western-blot bands of the size of 120 kDa
are observed only in the supernatant samples (arrows), upon immunoprecipitation of the
antibody against Rpo13, partial co-immunoprecipitation of Rpo2 is observed, as western-blot
bands of the size of 120 kDa are observed in the beads fraction in addition to the supernatant
samples (arrows).
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of cell synchrony. As can be seen in Figure6.11, upon fluorescence-activated cell
sorting (FACS) analysis of ‘baby machine’ cell synchronised samples collected after
2 hours, 3 hours, 4 hours and 5 hours of ‘baby machine’ cell synchronisation, the
best S. acidocaldarius cell synchronisation at G1 was obtained after 3 hours, as
previously reported [51]. Upon growth and sample collection at various time points
of synchronised S. acidocaldarius cell culture collected after 3 hours of ‘baby machine’
procedure, RPC34 (15 kDa) as well as TBP (19 kDa) protein expression levels in
the various collected samples were analysed by western blots performed with the
corresponding antibodies, where TBP protein expression levels are known to be
constant throughout the cell cycle [150]. As can be seen in (Figure6.13), while
FACS analysis showed full conversion of the S. acidocaldarius cell culture in the G1
phase into the G2 phase (Figure6.12), no difference in the RPC34 and TBP protein
levels were found to occur throughout the cell cycle, with the exception of steadily
increasing expression levels of both proteins corresponding to growing cells.

6.2.5

RPC34’s Interaction with the Archaeal TFB-2

In order to test for an interaction between RPC34 and the paralog of TFB referred
to as TFB-2, a yeast two-hybrid screen was performed. In this screen, RPC34
is encoded in fusion with either the Gal4 activation domain or the Gal4 binding
domain, while TFB as well as TFB-2 are encoded in fusion with either the Gal4
activation domain or the Gal4 binding domain. As can be seen in Figure6.14, all
yeast strains grow in the permissive -trp and -leu conditions, which selected for both
coding plasmids. Furthermore, no selective yeast growth in the -his condition was
observed upon yeast co-transformation with any of the plasmids, with the exception
of yeast growth obtained upon the previously reported interaction between Gins15
and RecJ components of the DNA replication machinery (Figure6.4) [118]. No yeast
growth was observed upon yeast co-transformation with empty plasmids.
In order to test for the expression of the various constructs in the co-transformed
yeast strains, yeast protein extracts were prepared and subjected to western
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S

Figure 6.11: A ‘baby machine’ cell synchronisation procedure run, where enriched G1 S.
acidocaldarius cell samples are collected prior to sample growth, and after 2 h, 3 h, 4 h and 5
h of synchronisation procedure. The samples are subsequently analysed on a FACS machine
for DNA content, where the first peak represents the percentage of the cell population in G1
phase, while the second peak represents the percentage of the cell population in G2 phase
(arrows). The lower the convex shape, the lower the cell population in S phase (arrow). The
best synchronisation of the S. acidocaldarius cell population is achieved after 3 h, with the
highest G1 peak and the lowest convex shape.

blot analysis with antibodies against the HA-epitope as well as the Myc-epitope
expressed in fusion with all of the proteins in conjunction with the antibody against
RPC34.

As can be seen in Figure6.15, the antibody against the HA-epitope

recognised a non-specific yeast protein also present in the plasmid-free AH109
control, showing unspecific antibody binding. Furthermore, the antibody against
the Myc-epitope recognised bands corresponding to the size of the Myc peptide
fragment of around 20 kDa for the yeast strains having empty pGBK-T7 plasmid,
while bands corresponding to the size of the Myc-labelled RPC34 of around 35 kDa
for the yeast strains having the RPC34-pGBK-T7 plasmid (Figure6.15). Moreover,
bands corresponding to either the size of the Myc-labelled TFB of around 55 kDa
for the yeast strains having the TFB-pGBK-T7 plasmid or bands corresponding to
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Figure 6.12: A synchronised S. acidocaldarius cell culture sample collected after 3 h of
‘baby machine’ cell synchronisation procedure was grown for 210 mins, where samples were
collected at the indicated time points. The samples were subsequently analysed on a FACS
machine for their DNA profiles. The cell cycle profiles of the various S. acidocaldarius cell
samples go from the one with the highest G1 peak at t = 0 min to the one with the highest
G2 peak at t = 150 min. Thus, the analysis covers the entire S. acidocaldarius cell cycle
profile.
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Figure 6.13: TBP and RPC34 protein expression levels were analysed with their
corresponding antibodies in the various samples collected at the various time points after
growth of a synchronised S. acidocaldarius cell culture sample. Western blot bands of the
size of 19 kDa and 15 kDa are obtained for TBP and RPC34 respectively. In both TBP and
RPC34 cases, a steady increase in the protein levels is observed for the collected samples,
corresponding to growing cells. Thus, no fluctuations in the RPC34’s protein levels occur
throughout the S. acidocaldarius cell cycle.
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Figure 6.14: Yeast two-hybrid screen, where an interaction between RPC34 and TFB-2 is
tested. Yeast strains co-transformed with plasmids coding for either RPC34 or empty vector
in conjunction with TFB and TFB-2 grow the in the permissive -trp and -leu condition,
which selects for pGBK and pGAD plasmids. However, upon growth in the selective -trp, leu and -his condition, only the yeast strains co-transformed with plasmids coding for Gins15
and RecJ (pink box), used as a positive control, are observed to grow. No selective growth
occurs upon yeast co-transformation with either pGBK-RPC34 and pGAD-TFB-2 plasmids,
or pGAD-RPC34 and pGBK-TFB-2 plasmids.

the size of the Myc-labelled TFB-2 of around 53 kDa for the yeast strains having the
TFB-2-pGBK-T7 plasmid were observed (Figure6.15). Finally, bands corresponding
to the size of the RPC34 protein of around 15 kDa for the yeast strains having either
the RPC34-pGBK-T7 plasmid or RPC34-pGAD-T7 plasmid were also observed.
In addition, RPC34’s interaction with TFB-2 was tested by means of coexpression.

Indeed, it is found that not only RPC34 is insoluble when Ni2+ -

NTA affinity purified with standard conditions, but also TFB-2 is insoluble when
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Figure 6.15: Analysis of the expression of the various constructs in the co-transformed
yeast strains, where western blots were performed on yeast protein extracts. The antibody
against the HA-epitope found in pGAD plasmids recognises a non-specific yeast protein also
present in the plasmid-free AH109 control. The antibody against the Myc-epitope found in
pGBK plasmids recognises bands corresponding to the size of the Myc peptide fragment of
around 20 kDa for the yeast strains having empty pGBK-T7 plasmid (arrow). Furthermore,
it recognises bands corresponding to the size of the Myc-labelled RPC34 of around 35 kDa for
the yeast strains having the RPC34-pGBK-T7 plasmid (arrow). Moreover, it also recognises
bands corresponding to either the size of the Myc-labelled TFB of around 55 kDa for the yeast
strains having the TFB-pGBK-T7 plasmid or bands corresponding to the size of the Myclabelled TFB-2 of around 53 kDa for the yeast strains having the TFB-2-pGBK-T7 (arrow).
Finally, the antibody against RPC34 recognises bands corresponding to the size of the RPC34
protein of around 15 kDa for the yeast strains having either the RPC34-pGBK-T7 plasmid
or RPC34-pGAD-T7 plasmid.
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expressed in its entirety or as a core domain (Figure6.16). It is found that 4 M
of guanidinium hydrochloride is required for Ni2+ -NTA affinity purification of both
the entire and core TFB-2 proteins under denaturing conditions (Figure6.16), where
guanidinium hydrochloride is used as opposed to urea since it has ionic properties
and it eliminates any destabilising electrostatic interactions from the charge of TFB2 patches. In order to test whether RPC34 interacts with TFB-2, and whether this
interaction leads to the formation of a soluble RPC34-TFB-2 complex, both RPC34
and TFB-2 were cloned into compatible co-expression plasmids. If solubilised Stagged RPC34 is affinity purified with S-beads, soluble TFB-2 should also co-elute,
since it would be part of the soluble RPC34-TFB-2 complex. As can be seen in
Figure6.16, no bands corresponding to the expressed RPC34 and TFB-2 of the size
of 15 and 33 kDa were observed as soluble components in either the supernatant
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Figure 6.16: RPC34’s interaction with TFB-2 tested by means of co-expression. (A))
TFB-2 expressed either entirely or as a core domain requires 4 M of guanidinium
hydrochloride for its solubilisation, since it is expressed in the E. coli inclusion bodies. (B)
Upon co-expression of plasmids coding for either RPC34 or TFB-2, expression products are
observed of the size of 15 kDa and 33 kDa respectively (arrows). However, upon analysis
of the supernatant fraction after cell disruption and analysis of the elution fraction after
S-tagged RPC34 affinity purification upon passing through S-beads, no observable bands of
the size of 15 kDa and 33 kDa are observed. Thus, no soluble RPC34-TFB-2 complex is
formed upon co-expression of insoluble RPC34 and insoluble TFB-2 proteins together.
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6.3

Discussion

The archaeal RPC34 homologue is proposed to interact with the single archaeal
RNAP, thus defining a new RNAP, which would act as a precursor of the eukaryotic
RNAP-III, thereby modulating its specificity for the transcription of a subset of
genes, such as non-coding rRNA and tRNA genes. Furthermore, a TFB paralog
referred to as TFB-2 could be also involved in directing the transcription of this
subset of non-coding rRNA and tRNA genes. TFB-2 could interact with RPC34
similarly to the RNAP-III system, where RPC34 interacts with TFIIIB70, and the
TFB-2-RPC34 complex could be involved in the recruitment of the archaeal RNAP
to structural promoters. In addition to RNAP recruitment, RPC34 could also have
a regulatory role via direct interaction with the DNA, since different transcription
levels from the structural 16S/23S rRNA promoter are obtained by the reconstituted
system and crude extract [138].
In order to test for an interaction between RPC34 and the single RNAP, a GSTpull down assay was performed, where a band corresponding to the Rpo2 subunit of
the size of 120 kDa was observed only when the RPC34-GST fusion but not the GST
protein alone was incubated with the S. acidocaldarius cell extract and not the buffer
control. This suggests that RPC34 is able to interact with the RNAP, and to ‘pull it
down’ upon the binding of RPC34-GST to the glutathione-sepharose beads. To test
whether RPC34 interacts with any specific RNAP’s subunits, a yeast-two-hybrid
screen was set up where selective yeast growth occurs upon specific interaction of
RPC34 with the Rpo8 subunit of RNAP. This interaction was found to be weak, as
yeast growth disappears upon introduction of the 3AT inhibitor of the product of
the his3 gene.
Furthermore, in order to find the in vivo relevance of the GST-pull down of the
RNAP by RPC34-GST, co-immunoprecipitation assays were set up, where it is found
that Rpo13 and RPC34 proteins are immunoprecipitated by their corresponding
antibodies. Therefore, the raised antibodies against RPC34 and Rpo13 are capable
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of interacting with their antigens when immunoprecipitated, where the antibody
raised against denatured RPC34 also recognises properly folded, endogenous RPC34
from the S. acidocaldarius cell extract. On the other hand, when the interaction
between RNAP and the interactant RPC34 partner is tested, it is found that
RPC34 does not co-immunoprecipitate with either Rpo13 or Rpo2, and Rpo13
does not co-immunoprecipitate with RPC34. In order to increase the sensitivity
of the co-immunoprecipitation assays and to allow for the detection of western
blot bands corresponding to Rpo2, antibodies were cross-linked to the proteinA sepharose beads. It was found that Rpo13, RPC34 and Rpo2 proteins were
immunoprecipitated by their corresponding antibodies. Furthermore, it was found
that RPC34 does not co-immunoprecipitate with either Rpo13 or Rpo2, and that
neither Rpo13 nor Rpo2 co-immunoprecipitate with RPC34. All together, these
results argue against an interaction between RPC34 and RNAP from an in vivo
perspective.

It could be that the interaction between the RNAP and RPC34

is weak in its nature and therefore prone to dissociation. Alternatively, only a
very minor fraction of RNAP from the general RNAP pool is bound to RPC34
in vivo, and therefore the interaction is hard to detect. Finally, the interaction
could be of a transient nature such as cell-cycle regulated, since TFB-2 expression
levels were found to fluctuate according to the cell cycle upon microarray mRNA
expression analysis (Rachel Samson, personal communication). In order to test for
cell cycle regulation of RPC34’s expression levels, a baby-machine approach was
undertaken. It is found that, upon sample analysis by means of a western blot with
the antibody against RPC34 at various time points of a synchronised cell culture,
no fluctuations in the RPC34 levels throughout the cell cycle occur, as with TBP
levels. Only steadily increasing RPC34 levels were observed with time, explained
by the increasing cell number. Thus, no cell cycle regulation of RPC34’s protein
levels occur. In addition, Rpo13 did not to co-immunoprecipitate with Rpo2. The
western blot band corresponding to Rpo13 of the size of 20 kDa observed in the
supernatant fraction could correspond to the free Rpo13 pool that is not associated
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with the RNAP, as suggested by the gel filtration experiment discussed in Chapter
1, in the section ‘Rpo13’s in vivo Association with the Archaeal RNAP within the
S. acidocaldarius Cell Extract’. Furthermore, RNAP’s binding to the antibody
against Rpo2 most likely occludes the Rpo13 epitope for the antibody against Rpo13,
explaining why no band corresponding to Rpo13 is observed in the in the beads
fraction when Rpo2 is immunoprecipitated. On the other hand, Rpo2 was found to
co-immunoprecipitate with Rpo13, suggesting that RNAP’s binding to the antibody
against Rpo13 partially occludes the Rpo2 epitope for the antibody against Rpo2,
since a fraction of Rpo2 protein is not only found in the beads sample but also
the supernatant sample. To conclude, overall these results argue against an in vivo
interaction between RPC34 and the single archaeal RNAP. It is possible that the
observed in vitro association between RPC34-GST and the RNAP was favoured
by the large amount of added RPC34-GST protein, which is in vast excess with
respect to the cellular and endogenous RNAP from the S. acidocaldarius cell extract,
and so does not reflect the in vivo situation. Also, the assay was performed at 30
◦ C,

which is a suboptimal temperature and may promote an unspecific interaction.

Furthermore, selective yeast growth upon interaction between RPC34 and Rpo8
might be due to unspecific binding of components such as the Gal4 binding domain
fused with RPC34. Indeed, selective growth was observed upon interaction between
the Gal4 binding domain on its own and the Rpo3, Rpo4, Rpo6, Rpo7 and Rpo12
subunits on their own, suggesting that the Gal4 binding domain might account for
unspecific binding. Since no experiments were performed to test for the expression
of fusion proteins in yeast, it is not possible to definitely assess the existence of true
interactions.
In order to test for an interaction between RPC34 and TFB-2, a yeast-two-hybrid
screen as well as co-expression of recombinant plasmids was performed. Indeed,
RPC34’s interaction with TFIIIB70 was shown by in vitro, where a GST pull-down
experiment showed the interaction ([91], [169]), and of all the RNAP-III subunits
investigated, only RPC34 was found to interact with TFIIIB70 in the two-hybrid
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system [173]. Upon yeast-two-hybrid screen of RPC34 versus TFB and TFB-2,
no selective yeast growth is observed, showing that no interaction between RPC34
and TFB-2 occurs. To discard the hypothesis of a problem in the expression of
the constructs in yeast, yeast protein extracts from all the various strains were
tested for expression of the constructs.

It is found that all the yeast strains

have the appropriate expression of constructs, with the antibody against RPC34
being more sensitive in protein detection than the Myc-antibody. Therefore, the
absence of observed interaction between RPC34 and TFB-2 investigated by yeasttwo-hybrid suggests that either the interaction does not exist, is too weak and prone
to dissociation, is of a transient nature, or additional components are needed to
bridge such interaction. To observe the existence of such RPC34-TFB-2 interaction,
co-expression plasmids coding for either RPC34 or TFB-2 respectively, which are
insoluble when individually expressed, were tested for expression of a soluble RPC34TFB-2 complex when E. coli cells were co-transformed with both plasmids. It was
found that such co-expression does not lead to the formation of a soluble RPC34TFB-2 complex, as no soluble RPC34 is purified by affinity chromatography with
S-beads, with no co-elution of TFB-2 with RPC34. Therefore, solubilisation of
RPC34 with TFB-2 does not occur upon co-expression of the two components. It is
possible that additional components are needed to lead to the formation of a soluble
complex. All together, these results argue against an interaction between RPC34
and TFB-2.
In summary, while it has been postulated that the single archaeal RNAP interacts
with RPC34 in conjunction with TFB-2 to direct the transcription from a subset of
genes such as non-coding rRNA and tRNA genes, the results obtained argue against
the existence of an interaction between RPC34 and RNAP, and an interaction
between RPC34 and TFB-2. Nonetheless, it is possible that the employed methods
are not sensitive enough for the detection of these interactions, since protein-protein
interactions can be weak, temporary, dependent on protein amounts or subject
to regulation such as cell cycle regulation. Furthermore, since RPC34 has been
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proposed to directly contact DNA by means of cross-linking analysis and to have
an effect in open complex formation [29], [11], RPC34 might act at the DNA
level rather than at a protein level through RNAP interaction. A complementary
analysis consists of analysing the distribution of RPC34 at the level of the S.
acidocaldarius genome with respect to the RNAP distribution. This analysis would
allow determination of whether RPC34 is localised at a subset of genes such as
non-coding rRNA and tRNA genes, and therefore could infer that RPC34 has a
regulatory role in their expression through DNA binding.
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Chapter 7

Analysis of Rpo13 Genomic
Distribution
7.1

Introduction

In this study, the Rpo13 subunit specific to the archaeal RNAP was found to
interact with the DNA, where its C-terminal domain is proposed to mediate DNA
binding [179]. While the S. shibatae RNAP crystal structure shows that Rpo13 is
a bona fide RNAP subunit, Rpo13’s binding to the DNA and its putative role in
transcription, where Rpo13 might help to unwind the DNA through DNA contacts
with its N- and C-termini, has led to the proposal that Rpo13 might be a functional
subunit that exerts an equivalent role to the eukaryotic initiation factors absent
in Archaea. Indeed, transcription of a bubble DNA oligo incubated with purified
RNAP occurs, where in the RNAP-DNA crystal structure this bubble DNA oligo
is shown to have contacts with the Rpo13 N- and C-termini after the bubble region
([180]). The idea that Rpo13 might behave more as a transcription factor than a
subunit with only a structural role is further supported by the fact that the α2
helix of Rpo13 is characterised by polar residues, showing some similarity to the
charged region of Tfg1-like factors of TFIIF [180]. Furthermore, in solution Rpo13
forms mainly dimers [179], a property also shown by TFIIF, which has a specific
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dimerisation domain preceding the charged region [61], [39]. These observations
have led to the analysis of gel filtration elution volumes of endogenous Rpo13 from
the S. acidocaldarius cell extract with respect to that of recombinant Rpo13. It
was found that endogenous Rpo13 from the S. acidocaldarius cell extract, despite
predominantly co-eluting with the Rpo2 subunit at an elution volume corresponding
to the one of purified RNAP on its own, also elutes at a later elution volume
corresponding to a simple Rpo13 molecule. These results suggest that, while the
endogenous Rpo13 from the general cellular pool is mainly associated with the
archaeal RNAP, a fraction of unbound Rpo13 also exists. Thus, it is possible that
Rpo13 dissociates from the RNAP after performing a transcription-like role, leading
to the existence of the free Rpo13 pool. Rpo13 might therefore be defined as a
transcription factor which is only transiently associated with the RNAP as opposed
to a bona fide RNAP subunit which is constitutively and permanently associated
with the RNAP.
In order to define Rpo13 in terms of either subunit or transcription factor, a more
in depth in vivo analysis of its distribution within the S. acidocaldarius genome with
respect to that of the general RNAP pool in its elongation form is required. Indeed,
all Rpo13 might be either associated in vivo with the general RNAP pool while
transcribing genes, or a subset of RNAP may lack Rpo13, leading to a general free
Rpo13 pool. Therefore, Rpo13 could be associated with the RNAP only when the
RNAP is found at promoters during transcription initiation, where Rpo13 could
perform some of the roles equivalent to eukaryotic transcription factors absent in
Archaea. Upon promoter clearance, Rpo13 could dissociate from the RNAP, leading
to an elongating RNAP lacking Rpo13.
In order to allow for an in vivo analysis of the distribution of Rpo13 within the S.
acidocaldarius genome with respect to that of the general RNAP pool at promoters
of various genes as well as in its elongation form, chromatin immunoprecipitation
with the antibodies raised against Rpo2 and Rpo13 followed by sequencing of the
immunoprecipitated DNA fragments (ChIP-seq) is the technique of choice. Indeed,
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this technique measures the distribution of signal around the genes. This reduces the
fact that coupled transcription and translation in Archaea ([58]) would also lead to
cross-linked DNA-RNA-protein products, where the protein would be found at the
position of its coding gene, hampering the analysis of the various signals obtained
from independent and authentic association events of protein to its various binding
sites on the DNA. The distribution of the ChIP-seq signal around individual genomic
loci would allow an assessment of the protein’s broad in vivo occupancy at the various
loci. If its occupation is RNA-mediated, the distribution of the signal would be very
narrow, as it would be determined only by DNA-RNA base pairing over a short DNA
region. In conjunction with ChIP-seq performed to analyse Rpo13’s distribution
versus RNAP, sequencing of the various RNA products (RNA-seq) would lead to
a more global analysis and would correlate the abundance of transcript levels with
RNAP localisation. All together, these analyses should yield novel insights into the
dynamics of RNAP localisation and transcription activity.

7.2

Results

In order to analyse the in vivo genomic distribution of Rpo13 with respect to that
of the bulk RNAP, the antibody raised against Rpo13 was used in the ChIPseq approach. As can be seen in Figure7.1, protein A-Sepharose beads bind to
the antibody raised against Rpo13 in the buffer used for the ChIP-seq procedure
consisting in TBS buffer with 0.5% Tween-20 and 0.5% Triton X-100. For these ChIP sequencing experiments in this chapter, the crosslinked cell extract was prepared
in conjunction with Dr. Priscilla Braglia.

7.2.1

Rpo13’s In Vivo Genomic Localisation versus the One of the
RNAP

In order to analyse the in vivo genomic distribution of Rpo13 with respect to that
of the bulk RNAP, a ChIP-seq approach was undertaken with the antibodies raised
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Figure 7.1: IP assays, where protein A-Sepharose beads bind to the antibody raised against
Rpo13 in the buffer used for the ChIP-seq procedure. The buffer consists in TBS buffer
with 0.5% Tween-20 and 0.5% Triton X-100, the mild detergents potentially causing protein
denaturation or hampering the assay by disrupting the antibody’s interaction with either
protein A-Sepharose beads or its corresponding antigen.

against Rpo13 as well as Rpo2. The analysis of the genomic distribution of Rpo13
will reveal whether Rpo13 always co-localises with Rpo2, or whether it co-localises
with Rpo2 predominantly at certain genomic regions, such as promoters. The various
DNA libraries, generated by Source BioScience, were obtained upon adding Illumina
Indexing adapters on both ends and subsequent 17 cycles of PCR to amplify the
amount of prepared material, where the average size of the libraries is 300 bp.
Samples were then sequenced using 55 bp single-end runs with a 7 bp index read.
2,011,670, 2,217,640 and 4,474,737 reads were respectively obtained for the Rpo13,
Rpo2 and input samples, and of these 106,153 reads, 3,512,103 reads and 129,964
reads were mapped onto the S. acidocaldarius genome.
Probe values were assigned to the number of reads mapped to each gene in the
S. acidocaldarius genome, where contigs closer than 30 bp are merged, the minimum
contig size is 250 bp corresponding to the average S. acidocaldarius open reading
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frame, and a value of 0.8 is assigned for a decent signal to noise coverage defined
as depth cutoff. As can be seen in Figure7.2, a total significant number of 1080
probes were obtained and assigned to the number of reads mapped to each gene
in the S. acidocaldarius genome for both Rpo2 and Rpo13. All probe values were
standardised to the input sample. As shown in Figure7.3, the validity of the probes
were assessed by an independent real-time Q-PCR experiment with primers designed
against the ribosomal 5S rRNA coding region, the thermosome coding region and a
region containing no probe values defined as a negative region. It was found that the
regions corresponding to the ribosomal 5S rRNA coding region and the thermosome
coding region are amplified by the designed primers in both the immunoprecipitated
protein-DNA complexes by the antibodies against Rpo2 and Rpo13, while little
amplification occurred for the negative region. The Q-PCR data therefore support
the idea that the probe value assignment is an accurate representation of the in
vivo genomic occupancy of Rpo2 and Rpo13. Furthermore, in order to correlate the
Rpo2 distribution with Rpo13, a correlation plot was obtained with the two data sets
(Figure7.2). As can be seen by the correlation R factor value of 0.9, there is a very
good overall and global correlation between Rpo2 and Rpo13 subunits. Therefore,
Rpo13 is not sub-located to specific coding regions independently from Rpo2, such
as at the 5’ ends of genes, but instead co-localises with the general RNAP pool in
its elongation form and overall transcription cycle. Moreover, upon analysis of the
highly transcribed 50S ribosomal protein genes cluster (Figure7.4), there was also a
very good localised correlation between Rpo2 and Rpo13 subunits, where a running
window probe generator function with a window size and step size of both 20 bp
was applied to the reads. Therefore, in summary, there is a very good correlation
between Rpo2 and Rpo13 subunits at both at a global and local level.
Finally, a running window probe generator function with a window size and step
size of both 20 bp was applied to the Rpo2 and Rpo13 reads in order to analyse
the RNAP’s distribution across individual S. acidocaldarius genes. As shown in
Figure7.5, the RNAP occupies mainly the middle of the genes in most cases, while
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Rpo2.bam
Figure 7.2: ChIP-seq experiments performed with the antibodies against the RNAP’s Rpo2
and Rpo13 subunits. All the values of the obtained 1080 probes are standardised to the input
sample. There is a very good overall, global correlation between Rpo2 and Rpo13 subunits,
as indicated by the correlation R factor value of 0.9 obtained upon plotting probes assigned to
Rpo13’s genomic positions versus probes assigned to Rpo2’s genomic positions. Thus, Rpo13
co-localises with the general RNAP pool at both transcription initiation and elongation.

it is found either at the 5’ or 3’ end of genes only in a minority of cases.

7.2.2

Transcript Abundance versus RNAP Localisation

In order to analyse the in vivo abundance and levels of the various RNA transcripts
with respect to that of the RNAP’s distribution at the various genes, an RNAsequencing (RNA-seq) approach was undertaken in parallel with ChIP-seq with the
antibodies raised against Rpo13 and Rpo2. As shown in Figure7.6, a RNA sample
from the S. acidocaldarius cell extract was prepared. The sample was found to
contain the predominant 23S, 16S and 5S rRNA species (Figure7.6). The RNA
library, generated by Source BioScience, was prepared similarly to the DNA library,
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Figure 7.3: Percentage of immunoprecipitated DNA by the antibodies against Rpo2 and
Rpo13. Values were obtained with a Q-PCR experiment with primers designed against the
ribosomal 5S rRNA coding region, the thermosome coding region and a region containing
no ChIP-seq probe values defined as negative region for both the antibodies against Rpo2
and Rpo13. It is found that the regions corresponding to the ribosomal 5S rRNA coding
region and the thermosome coding region are amplified by the designed primers in both the
immunoprecipitated protein-DNA complexes by the antibodies against Rpo2 and Rpo13, while
little amplification occurs for the negative region.

Input

Rpo13.bam

Rpo2.bam

50S ribosomal protein genes cluster
Figure 7.4: Analysis of the highly transcribed 50S ribosomal protein genes cluster reveals
that there is a very good, local correlation between the Rpo2 and Rpo13 subunits. A running
window probe generator function with a window size and step size of both 20 bp was applied
to the reads.

but with an additional step to firstly reverse transcribe the RNA into doublestranded cDNA. Subsequent addition of Illumina Indexing adapters on both cDNA
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Figure 7.5: Analysis of the RNAP distribution across a number of individual S.
acidocaldarius genes. (A) Example of the RNAP defined in terms of Rpo2 and Rpo13
subunits occupying the 5’ of a gene. (B) Example of the RNAP defined in terms of Rpo2
and Rpo13 subunits occupying the middle of a gene. (C) Example of the RNAP defined in
terms of Rpo2 and Rpo13 subunits occupying the 3’ of a gene. (D) In the S. acidocaldarius
genome, the RNAP is mainly found in the middle of genes, while occupying either the 5’ or
3’ end of a subset of genes. A running window probe generator function with a window size
and step size of both 20 bp was applied to the Rpo2 and Rpo13 reads in order to analyse the
RNAP’s distribution.

ends and 15 cycles of PCR to amplify the amount of prepared material lead to
a library with average size of 300 bp. Samples were then sequenced using 55 bp
single-end runs with a 7 bp index read. 25,424,885 reads were obtained for the RNA
library, with 24,518,376 reads mapped onto the S. acidocaldarius genome.
Probe values were assigned to the number of reads mapped to each gene in the
S. acidocaldarius genome, where contigs closer than 30 bp are merged, the minimum
contig size is 250 bp corresponding to the average S. acidocaldarius open reading
frame, and a value of 0.8 was assigned for a signal to noise coverage defined as
depth cutoff. As can be seen in Figure7.7, a total significant number of 1021 probes
were obtained and assigned to the number of reads mapped to each gene in the S.
acidocaldarius genome for both Rpo2 and Rpo13 as well as the number of reads
corresponding to levels of abundance of the various S. acidocaldarius transcripts.
All probe values were standardised to the input sample. In order to correlate RNAP
distribution versus transcript abundance, correlation plots were obtained with the
RNA-seq and ChIP-seq data sets obtained with the antibodies against Rpo2 and
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Figure 7.6: RNA samples prepared from the S. acidocaldarius cell extract, which have been
subsequently pooled together for a RNA-seq experiment. The samples are found to contain
the predominant 23S, 16S and 5S rRNA species, while tRNAs are under-represented.

Rpo13 (Figure7.7). As can be seen by the correlation R factor value of around 0.5
for both data sets, there is a global correlation at most genomic regions between
transcript abundance and RNAP localisation defined in terms of Rpo2 and Rpo13
subunits (Figure7.7). The 8 genomic regions corresponding to the highest RNAP
peaks as well as to highest levels of transcription are listed in Table7.1. However,
regions with low RNAP distribution signals but high signals corresponding to high
transcript levels are observed as well (Figure7.7). In order to identify transcripts of
a higher abundance with poor RNAP localisation, the probes of the RNA-seq were
standardised to the probes of the ChIP-seq obtained with the antibody raised against
Rpo13 (Figure7.8). The 8 identified coding regions with high levels of transcript
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abundance and poor RNAP localisation are listed in Table7.2. Furthermore, it
should be noted that paused sites occur, with stalled RNAPs and high levels of
transcripts past the RNAP location (Figure7.9). Thus, in summary, while there is
an overall, moderately good correlation between RNAP distribution and transcript
abundance, high levels of transcripts can occur at coding regions poorly occupied
by the RNAP.

RNA.bam
Rpo2.bam
Rpo13.bam
Input

RNA.bam

All probes

RNA.bam

All probes

R = 0.556

R = 0.511

Rpo2.bam

Rpo13.bam

Figure 7.7: RNA-seq experiment in conjunction with ChIP-seq experiments performed
with the antibodies against the RNAP’s Rpo2 and Rpo13 subunits. All the values of
the obtained 1021 probes for the three data sets are standardised to the input sample.
There is a moderately good overall and global correlation at most genomic regions between
transcript abundance and RNAP localisation defined in terms of Rpo2 and Rpo13 subunits. A
correlation R factor value of 0.5 is obtained upon plotting probes assigned to Rpo2’s genomic
positions versus transcript abundance, and upon plotting Rpo13’s genomic positions versus
transcript abundance.
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subunit H)

Saci_0982
(succinate
dehydrogenase
subunit A)

Saci_1203
(thermosome
gamma subunit)

Saci_1455
(alanyl-tRNA
synthetase)

Saci_2249
(molybdopterin
oxidoreductase)

Saci_2354
(conserved
membrane
protein)

Saci_0081
(30S ribosomal
protein S4P)

Saci_0591
(30S ribosomal
protein S3P)

Saci_0693 (DNA
directed RNA
polymerase
subunit B)

Saci_0981
(succinate
dehydrogenase
subunit B)

Saci_1456
(50S ribosomal
protein L12P)

Saci_2250
(pyruvate/
ketoisovalerate
oxidoreductase)

Saci_0082
(30S ribosomal
protein S11P)

Saci_0590
(50S ribosomal
protein L29P)

Saci_0692
(DNA-directed
RNA polymerase
subunit A')

Saci_0980
(succinate
dehydrogenase
subunit C)

Saci_1457
(50S ribosomal
protein L10P)

Saci_2251
(pyruvate
synthase delta
chain)

Saci_0083
(DNA-directed
RNA polymerase
subunit D)

Saci_0588
(30S ribosomal
protein S17P)

Saci_0691
(DNA-directed
RNA polymerase
subunit A'')

Saci_0979
(succinate
dehydrogenase
subunit D)

Saci_1458
(50S ribosomal
protein L1P)

Saci_2252
(pyruvate
synthase alpha
chain)

Saci_0084
(50S ribosomal
protein L18E)

Saci_0587
(50S ribosomal
protein L14P)

Saci_0690 (50S
ribosomal
protein L30E)

Saci_0975 (single
strand DNA
binding protein)

Saci_1459
(50S ribosomal
protein L11P)

Saci_2253
(pyruvate
synthase beta
chain)

Saci_0085
(50S ribosomal
protein L13P)

Saci_0586
(50S ribosomal
protein L24AB)

Saci_0688 (30S
ribosomal
protein S12P)

Saci_0973
(molybdopterin
biosynthesis
protein)

Saci_1460
(NusG)

Saci_2254
(aldose reductase)

Saci_0086 (30S
ribosomal
protein S9P)

Saci_0585
(30S ribosomal
protein S4E)

Saci_0686 (30S
ribosomal
protein S7P)

Saci_0087
(DNA-directed
RNA polymerase
subunit N)

Saci_0584
(50S ribosomal
protein L5P)

Saci_0088
(30S ribosomal
protein S2P)

Saci_0583
(30S ribosomal
protein S14P)

Saci_0091
(isopentenyldiphosphate
delta-isomerase)

Saci_0582
(30S ribosomal
protein S8P)

Peak value
for Rpo2
Peak value
for Rpo13
Peak value
for RNA

Saci_1461
(preprotein
translocase SecE
subunit)

Saci_0685
(elongation factor
1-alpha)

Saci_1462
(signal
recognition
particle)

Saci_0684 (30S
ribosomal
protein S10P)

Saci_1464
(50S ribosomal
protein LX)
Saci_1465
(translation
initiation factor)

Table 7.1: Coding regions corresponding to the highest RNAP peaks and highest levels of
transcription. These coding regions code for the 30S ribosomal proteins, 50S ribosomal
proteins, RNAP subunits, metabolic enzymes, translation factors, the ssDNA binding
protein, the thermosome γ subunit, tRNA synthetases, the elongation factor NusG,
translocase subunits, the signal recognition particle protein and membrane proteins. Peak
values for RNAP localisation and RNA expression levels are detailed for each peak (red for
Rpo2 peaks, blue for Rpo13 peaks and green for RNA peaks).

7.2.3

Origin Firing versus Transcript Abundance and RNAP
Localisation

The input sample represents the DNA content of exponentially growing S.
acidocaldarius cells. As cells grow and divide, DNA replication of the chromosome
also occurs, where a short G1 period between cell division and DNA replication
is thought to occur [149].

The input sample contains DNA recovered from
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RNA.bam

Rpo2.bam
Rpo13.bam
Input

Rpo2.bam
Rpo13.bam
Input

Figure 7.8: RNA-seq experiment in conjunction with ChIP-seq experiments performed with
the antibodies against the RNAP’s Rpo2 and Rpo13 subunits. On the top pannel, all the
values of the obtained 1021 probes for the three data sets are standardised to the Rpo13
sample. On the lower pannel, all the values of the obtained 1021 probes for the two data sets
are standardised to the input sample. Some coding regions have high expression levels with
high transcript probe values and poor RNAP occupancy, where they can be individuated by
their corresponding emerging RNA peaks (top pannel).

Input
Rpo13.bam
Rpo2.bam
RNA.bam

High RNAP Low RNAP
occupancy occupancy
and poor
and high
transcript
transcript
level
level

High RNAP Low RNAP
occupancy occupancy
and poor
and high
transcript
transcript
level
level

High RNAP Low RNAP
occupancy occupancy
and poor
and high
transcript
transcript
level
level

Figure 7.9: Genomic loci where paused sites occur, where high RNAP occupancy and poor
transcript levels is followed by low RNAP occupancy and high transcript levels. This indicates
stalled RNAPs. A running window probe generator function with a window size and step
size of both 20 bp was applied to the reads.

exponentially growing S. acidocaldarius cells, which is asynchronous and therefore
contains cells at different stages of DNA replication and cell division. Cells have DNA

136

Peak 1

Peak 2

Peak 3

Peak 4

Peak 5

Peak 6

Peak 7

Peak 8

3.354
1.707
1.307
4.382

3.85
0.796
0.65
2.502

5.887
0.63
0.814
4.792

4.972
0.754
0.758
3.771

3.903
1.149
1.386
5.411

3.91
1.154
0.79
3.088

5.67
1.25
0.758
4.11

6.527
0.593
0.704
4.593

Saci_0315
(electron
transfer
flavoprotein)

Saci_0763
(thiamine
pyrophosphaterequiring
enzyme)

Saci_1037
(peptide
transport system
permease
protein)

Saci_1265
(succinyl-CoA
synthetase beta
chain)

Saci_1301
(ribose 5phosphate
isomerase)

Saci_2269
(carbon
monoxide
dehydrogenase
medium chain)

Saci_2277
(conserved
Archaeal
membrane
protein)

Saci_0316
(FixC)

Saci_2282
(transporter
protein)

Saci_2270
(carbon
monoxide
dehydrogenase
small chain)

Saci_1038
(conserved
protein)

Saci_2271
(carbon
monoxide
dehydrogenase
large chain)

• Peak value for RNA upon standardisation to Rpo13
• Peak value for Rpo2 upon standardisation to input
• Peak value for Rpo13 upon standardisation to input
• Peak value for RNA upon standardisation to input

Table 7.2: Coding regions corresponding to the highest levels of transcription with poor
RNAP occupancy. These coding regions code for electron transfer proteins, metabolic
enzymes, peptide transport proteins and membrane proteins. Peak values for RNAP
localisation and RNA expression levels are detailed for each peak (red for RNA peaks
standardised to Rpo13 signals, blue for Rpo2 peaks standardised to input sample, green for
Rpo13 peaks standardised to input sample and violet for RNA peaks standardised to input
sample).

replication origins moving across the entire genome at different DNA replication
stages. The input DNA sample from these cells also contains an average of replicated
and non-replicated DNA regions across the entire chromosome, and thus the DNA
content in terms of n or 2n copies. Therefore, the analysis of DNA replication in the
input sample will reveal an average of the position of DNA replication across the
genome. This concept is defined as marker frequency analysis, with the frequency of
a marker as a function of genomic position. Since the positions of S. acidocaldarius
origin firing are already known [51], no standardisation with respect to that of cells in
stationary phase is required, and a moving window average function can be directly
applied to the input sample to smoothen the signal to noise ratio and produce a
DNA profile in terms of replicated regions. As can be observed in (Figure7.10),
three peaks corresponding to the positions of origin firing were obtained, with oriC2
at position 0 bp, oriC1 at position 579,000 bp, and oriC3 at position 1197,000
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bp. When the peaks corresponding to origin firing were correlated with the RNAP
distribution and transcript abundance, it is found that the positions of origin firing
are in the vicinity of RNAP peaks as well as transcript level peaks, some of which
correspond to genomic regions that code for proteins involved in DNA replication
coupled with recombination, such as the DNA recombination protein RadA. Thus,
these genomic regions may code for proteins required for the overall process of origin
firing and DNA replication. In conclusion, the two processes of transcription and
DNA replication may be concerted and form one major complex process.
Standardized input value

MFA analysis
1.2

2n

1.1

n

1.0

oriC1

oriC3

0.9

0.8

0

550000

1100000

1650000

2200000

Chomosome position (bp)

ORIC1
ORIC2
ORIC3

RNA.bam
Rpo2.bam
Rpo13.bam
Input

Figure 7.10: MFA analysis of the input sample obtained from exponentially growing S.
acidocaldarius cells. Since the positions of origin firing are known (oriC2 at position 0 bp,
oriC1 at position 579,000 bp, and oriC3 at position 1197,000 bp), no standardisation with
respect to that of cells in stationary phase is required. Upon the generation of a moving
window average function applied to input sample values, the DNA profile defined in terms of
replicated regions is obtained. When overlapped with the profile of RNAP occupancy versus
the one corresponding to transcript level abundance, some RNAP and transcript peaks are
in the vicinity of origin firing. Their corresponding genomic regions code for proteins that
may be potentially involved in the process of DNA replication, leading to the coupling of
transcription with DNA replication.
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7.3

Discussion

ChIP-seq with antibodies against Rpo2 and Rpo13 as well as RNA-seq experiments
have been performed in order to analyse the distribution of the RNAP in terms of
Rpo2 and Rpo13 subunits in conjunction with the analysis of transcript expression
levels. Indeed, RNAP occupancy within the gene is defined by RNAP recruitment
to the promoter, open complex formation and promoter escape, the rate of each step
being dependent on promoter sequence and subject to regulation by transcriptional
regulators, which resemble to bacterial regulators in terms of their modus operandi
[13], [16]. The ChIP-seq procedure with the antibodies against Rpo2 and Rpo13
enabled the analysis of the archaeal RNAP transition from transcriptional initiation
to elongation in vivo, since it determines the RNAP density at promoters and their
corresponding transcribed regions. If the transition is fast, RNAP levels should be
constant across the transcribed regions, while if the transition is slow, higher levels
of RNAP should be present at promoter regions rather than in the coding regions.
Studies of the RNAP genomic occupancy in bacteria and eukaryotes have revealed
a multitude of RNAP binding patterns in the genome [141], [124], [76], [49], [166],
[84], [143], [34], [40], [99], [111], [145], [153], [167]. Specifically, ChIP-chip analyses
of the E. coli RNAP distribution in the genome showed a higher RNAP association
at promoter regions than within coding sequences for most, but not all transcription
units ([141], [124], [76], [49], [166]), while with other bacterial RNAPs, such as the
Bacillus subtilis RNAP, the RNAP is evenly distributed from the promoter to the
coding sequences [84]. The E. coli RNAP distribution across transcribed regions was
found to be gene dependent, where the RNAP was also found to stall at multiple
promoters with no detectable transcriptional activity, with post-recruitment steps
of transcription initiation being often rate limiting and the extent to which they
are rate limiting varying dramatically upon the promoter [141], [76]. Furthermore, a
more in depth investigation revealed that promoter-proximal RNAP peaks are offset
from the σ factor, but rather co-occur with peaks corresponding to the elongation
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factor NusA and the termination factor ρ, suggesting that the RNAP peaks reflect
elongating complexes, rather than initiating complexes [124]. However, inhibition
of ρ did not increase RNAP levels within genes downstream from the RNAP peaks,
suggesting that the peaks are caused by transcriptional attenuation caused by a
mechanism other than ρ-dependent attenuation. This may differ from the other
types of mechanisms such as promoter trapping and promoter-proximal pausing
[124]. Moreover, bacterial RNAP occupancy was also found to be dependent on
different growth conditions, with the RNAP occupying distinct binding sites that
are within transcribed coding regions upon rifampicin treatment. These are not
normally occupied by the RNAP, indicating promoter-competent regions [49]. A
similar situation occurs in Drosophila and mammalian cells ([145], [99], [40], [34]),
where paused RNAP complexes in early elongation are dependent on the TATA
box and initiator sequences. These have been characterised together with promoterlocalised RNAP-II at numerous locations such as developmentally regulated genes. A
different situation occurs in S. cerevisiae [111], [153], where RNAP levels are constant
across the coding regions, indicating that the transition between transcriptional
initiation and elongation is fast and differently controlled. Apparently, the preinitiation complex formation is the major rate-limiting step for transcription [111],
[153]. Promoter-localised RNAP-II is only observed in stationary phase S. cerevisiae
[140]. The analysis of the archaeal RNAP distribution defined in terms of Rpo2 and
Rpo13 subunits complements all the previous RNAP analyses. It is found that some
genomic regions are highly occupied by the archaeal RNAP, while other regions are
only poorly occupied. Here the RNAP appears to display an oscillatory pattern
of gene occupation for both Rpo2 and Rpo13. Furthermore, the RNAP does not
occupy the coding regions with any preference for either the 5’ end or the 3’ end of
genes, but rather the middle of the gene. Therefore, the RNAP distribution across
the coding regions suggests that the transition from initiation to elongation is fast as
with the S. cerevisiae case, where either RNAP recruitment or pre-initiation complex
formation are rate-limiting. This conclusion is based on the assumption that RNAP

140

crosslinking efficiency is similar at all stages of the transcription cycle which is highly
likely since RNAP is in close proximity to large regions of DNA throughout the
transcription cycle. In summary, there are significant species-specific differences in
rate-limiting steps during the transition from initiation to elongation. This can lead
to either a promoter-proximal distribution of the RNAP or a constant one across
the coding regions such as in Archaea.
My analysis of gel filtration elution volumes of Rpo13 versus the RNAP in the S.
acidocaldarius cell extract, suggested that Rpo13 might behave more as a dissociable
transcription factor as opposed to a permanent and bona fide RNAP subunit. This
in turn leads to the existence of a free Rpo13 pool within the cell. Analysis of the
ChIP-seq data obtained with the Rpo2 and Rpo13 antibodies has however revealed
a close correlation between Rpo2 and Rpo13 subunits within the S. acidocaldarius
genome, where a correlation R factor value of 0.9 is obtained. This suggests that
Rpo13 is associated with the bulk RNAP at all stages of transcription, and does not
dissociate from the RNAP after transcription initiation. Therefore, Rpo13 appears
to be a true RNAP subunit, which contributes to the formation of a functional RNAP
throughout the transcription cycle. The free Rpo13 pool in the cell extract might
reflect non-functional and unincorporated Rpo13 following RNAP assembly. At
initiation, Rpo13 may help to unwind DNA through DNA contacts with its N- and Ctermini either while the open-complex is being formed, or soon after. Indeed, in the
RNAP-DNA crystal structure, contacts between the Rpo13 N- and C-termini and
the bubble oligo are observed straight after the bubble region ([180]). Upon promoter
escape, Rpo13 could contribute to the overall RNAP structural plasticity required
for RNAP translocation in synergy with Rpo5 and Rpo1 subunits. Specifically,
the α1 and α2 helices might perform some structural roles, acting as constitutive
anchors onto the RNAP with contacts between the α1 helix and Rpo1 and Rpo5
occur ([180]), and connecting the C-terminal DNA-binding region of Rpo13 to the
rest of the RNAP. Rpo13 would therefore have an equivalent role to the Rpb5 jaw
domain, absent in Archaea, by gripping the DNA throughout the transcription cycle
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with a weak DNA binding affinity of Kd of around 2 µM. This would allow for
transcriptional processivity whilst modulating the balance between non-specific and
specific DNA interactions. In summary, Rpo13 is a bona fide RNAP subunit, where
it may contribute to the formation of the open complex at initiation through DNA
unwinding. During elongation, it may help the RNAP to grip onto the DNA and so
contribute to its overall structural plasticity through contacts with Rpo1 and Rpo5
needed for the translocation process.
The ChIP-seq procedure performed with the antibodies against Rpo2 and
Rpo13 was performed in conjunction with an RNA-seq of the S. acidocaldarius
transcripts in order to correlate RNAP occupancy within the genome with the
various levels of transcript expression.

It is found that some genomic regions

have a high level of RNAP abundance in conjunction with a high expression
level of transcripts, while other regions have a low level of RNAP abundance in
conjunction with a high expression level of transcripts and finally some regions
display high RNAP levels with low transcript abundance.

A total number of

8 high RNAP peaks corresponding to high levels of transcription are observed.
The corresponding coding regions include regions that code for the 30S ribosomal
proteins, 50S ribosomal proteins, RNAP subunits, metabolic enzymes, translation
factors, the ssDNA binding protein, the thermosome γ subunit, tRNA synthetases,
the elongation factor NusG, translocase subunits, the signal recognition particle
protein and membrane proteins. Indeed, these proteins and enzymes have a pivotal
role in the functioning for the cell, and a high abundance due to high expression levels
is to be expected. Moreover, high protein levels due to low rates of mRNA decay
also occur. The 8 identified highly stable mRNA transcripts include transcripts that
code for electron transfer proteins, metabolic enzymes, peptide transport proteins
and membrane proteins.

All of these proteins play a fundamental role in the

cell. The quantification of the rate of mRNA decay by an independent method
consisting in the measuring of transcript abundance in samples collected at different
time points after transcriptional arrest by actinomycin D has been performed [4].
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This analysis revealed that transcripts encoding proteins involved in growth-related
processes such as transcription, translation and central metabolic pathways generally
decayed rapidly, while those encoding products necessary for maintaining cellular
homeostasis such as ion transporters are more stable [4]. More specifically, short
half-lives were defined by a t1/2 value between 0 and 4, while long half-lives were
defined by a t1/2 value of more than 9 [4]. The t1/2 values for the transcripts
corresponding to the identified coding regions with high expression levels and poor
RNAP occupancy are listed in (Table7.3), and are in good correlation with the
high observed RNA peaks. Furthermore, sites corresponding to paused RNAPs
with higher transcript levels further down the stalled RNAPs are also observed
upon the analysis of the S. acidocaldarius RNAP distribution versus transcript level
expression. Therefore, the RNAP generally occupies coding regions with preference
for the middle of genes, where RNAP pausing can occur. Regulation at the level of
transition from initiation to elongation or at the level of elongation is most likely due
to the action of archaeal regulators [16], [132]. Finally, coding regions located near
the origins of replication oriC1, oriC2 and oriC3 have high RNAP occupancy coupled
with high levels of transcription. Some of these regions code for proteins involved
in DNA replication coupled with recombination such as the DNA recombination
protein RadA. Thus, the two processes of DNA replication and transcription may
be coordinated in a spatial and temporal manner. Upon transcription of these
proteins, the vicinity of the origins facilitates their modus operandi at the origins,
resulting in an overall concerted process. In summary, some transcripts associated
to coding regions important for the cell functioning and homeostasis occur at high
levels upon RNA-seq analysis, either in a dependent or independent fashion from
the levels of RNAP occupancy.
In conclusion, ChIP-seq analyses performed with the antibodies against Rpo2
and Rpo13 in conjunction with a RNA-seq to analyse the levels of transcript
expression have revealed novel insights in the pattern of RNAP’s distribution in
the genome, which appears to be constant throughout the coding genes with no
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Peak 1

Peak 2

Peak 3

Peak 4

Peak 5

Peak 6

Peak 7

Peak 8

3.354
1.707
1.307
4.382

3.85
0.796
0.65
2.502

5.887
0.63
0.814
4.792

4.972
0.754
0.758
3.771

3.903
1.149
1.386
5.411

3.91
1.154
0.79
3.088

5.67
1.25
0.758
4.11

6.527
0.593
0.704
4.593

Saci_0315
(electron transfer
flavoprotein)

Saci_0763
(thiamine
pyrophosphaterequiring enzyme)

Saci_1037
(peptide transport
system permease
protein)

Saci_1265
(succinyl-CoA
synthetase beta
chain)

Saci_1301
(ribose 5phosphate
isomerase)

Saci_2269
(carbon monoxide
dehydrogenase
medium chain)

Saci_2277
(membrane
protein)

Saci_2282
(transporter
protein)

t1/2 = 4.8
t1/2 = 4.48

Not avaliable

t1/2 = 3.56
t1/2 = 3.84

t1/2 = 4.34
t1/2 = 4.09

t1/2 = 3.93
t1/2 = 3.67

t1/2 = 3.62

t1/2 = 5.25
t1/2 = 5.50

t1/2 = 4.88
t1/2 = 4.01

Saci_2270
(carbon monoxide
dehydrogenase
small chain)

Saci_0316 (FixC)
t1/2 = 4.61
t1/2 = 4.10

Not avaliable
Saci_2271
(carbon monoxide
dehydrogenase
large chain)
t1/2 = 4.28

• Peak value for RNA upon standardisation to Rpo13
• Peak value for Rpo2 upon standardisation to input
• Peak value for Rpo13 upon standardisation to input
• Peak value for RNA upon standardisation to input

Table 7.3: Coding regions corresponding to the highest levels of transcription with poor
RNAP occupancy. These coding regions code for electron transfer proteins, metabolic
enzymes, peptide transport proteins and membrane proteins. Their corresponding t1/2 values
are indicated in red ([4]), where short half-lives are defined by a t1/2 value between 0 and 4,
while long half-lives are defined by a t1/2 value of more than 9.

preference for promoter regions, with high peak levels at genes involved in the growth
of the cell such as transcription, translation and metabolic pathways. Furthermore,
Rpo13 is found to be a bona fide RNAP subunit. A possible role at transcription
initiation could be DNA unwinding, while at elongation, Rpo13 may help in DNA
gripping and overall RNAP structural plasticity. Moreover, some mRNA transcripts
coding for proteins involved in general cellular homeostasis were found to be highly
stable, where their coding regions are poorly occupied by the RNAP. In addition, a
concerted process involving origin firing and transcription may occur. Finally, the
single archaeal RNAP might not be defined by a regulatory role of RPC34 neither
at specific genes, such as non-coding genes or functionally related genes, nor at
a general level, where RPC34 could act as a non-specific, general transcriptional
regulator (data not shown).
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Chapter 8

Conclusions
The single archaeal RNAP is similar to the eukaryotic RNAP-II in terms of subunit
composition and overall protein structure. Specifically, it contains 13 subunits, as
opposed to 12 subunits for the RNAP-II. Despite its similarity, the archaeal RNAP
has some unique differences to RNAP-II. First, it does not contain a homologue of the
eukaryotic-specific Rpb9 subunit. Secondly, it lacks the Rpb1 C-terminal domain,
which in eukaryotes, is composed of up to 52 heptapeptide repeats (YSPTSPS).
These repeats are sites for phosphorylation critical for the transition from the
initiation phase to processive elongation of the transcript [81], [75]. Thirdly, and
most importantly, the archaeal Rpo5 subunit differs from the eukaryotic Rbp5
equivalent in that it does not have the Rpb5 N-terminal module but only the Rpb5
C-terminal globe. The space occupied by the Rpb5 N-terminal module in RNAPII, which is part of the RNAP-II lower jaw module and is involved in downstream
DNA gripping, is replaced by a newly identified, archaeal-specific subunit denoted
as Rpo13 [96]. Because Rpo13 is highly basic, where its C-terminal tail contains
conserved lysine residues, and because its position is analogous to the jaw domain of
Rbp5, it is proposed that Rpo13 binds to DNA in a similar manner to the jaw domain
of Rpb5. Furthermore, an archaeal homologue of the eukaryotic, RNAP-III-specific
RPC34 subunit has been identified [22]. Upon analysis of the genomic context
of the gene coding for the archaeal RPC34, it was found that the rpc34 gene co-
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localises with genes coding for factors involved in the transcription, modification and
processing of structural rRNAs and tRNAs, such as a tRNA pyrophosphorylase, and
a paralog of TFB referred to as TFB-2 [22]. Therefore, it is proposed that RPC34
interacts with the single archaeal RNAP, where RPC34’s temporary and transient
association with the archaeal RNAP defines an evolutionary precursor of RNAP-III,
the latter enzyme being permanently associated with RPC34. More importantly,
RPC34 could contribute to the regulation of transcription of the archaeal RNAP,
re-directing it to a subset of genes in complex with TFB-2, such as non-coding rRNA
and tRNA genes. RPC34 may also act at the DNA level, promoting open complex
formation [29].
The Rpo13 and RPC34 proteins were successfully purified by recombinant
DNA techniques.

Rpo13 is a novel archaeal RNAP subunit and RPC34 is a

potential RNAP interactant partner. Polyclonal antibodies were successfully raised
against recombinant, native Rpo13 and denatured RPC34. The latter antibody
also recognises endogenous RPC34 in S. acidocaldarius cell extracts. Biochemical
analysis of Rpo13 by means of EMSA assays revealed that Rpo13 associates with
the DNA with a binding affinity of Kd of around 2 µM. The identity of Rpo13 in
the protein-DNA complexes was verified with a supershift EMSA assay with the
antibody raised against Rpo13, as well as EMSA assays coupled to an independent
transfer of DNA to a nylon membrane and protein to a nitrocellulose membrane.
This procedure revealed co-localisation of the two signals. Purification of three
Rpo13 mutants (∆N Rpo13, ∆C Rpo13 and core Rpo13) showed that, upon EMSA
analysis, the C-terminal tail of Rpo13 principally mediates DNA binding, since DNA
binding comparable to wild-type levels is observed for the ∆N Rpo13 mutant, but
not for the ∆C and core Rpo13 mutants. Furthermore, by means of major groove
or minor groove competition assays, it is found that Rpo13 associates not with
the DNA grooves, but most likely with the negatively charged phosphate backbone
via its positively charged C-terminal tail. Moreover, Rpo13 associates with the
DNA without introducing any torsional stress that induces DNA supercoiling. In
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addition, a gel filtration analysis that compares the elution volumes of endogenous,
S. acidocaldarius cell extract Rpo13 versus recombinant Rpo13 reveals that Rpo13
in S. acidocaldarius cell extract is mainly associated with the bulk RNAP, while a
free Rpo13 pool elutes at an elution volume corresponding to recombinant Rpo13.
This suggests the existence of RNAP-free Rpo13 protein in S. acidocaldarius.
My suggested finding that RNAP-free Rpo13 protein exists in the cell extract
that associates with the RNAP only transiently, where it could exert a functional
role analogous to the eukaryotic initiation factors absent in Archaea. Thus, Rpo13
could be associated with the RNAP only at transcription initiation, leading to the
free Rpo13 pool upon promoter escape of the RNAP. This is further supported by the
fact that Rpo13 forms dimers in solution like TFIIF [179], and shows some similarity
to the charged region of Tfg1-like factors of TFIIF [180]. Indeed, only TBP and TFB
are required for efficient, in vitro archaeal transcription [77], [138]. Crystallisation of
the archaeal RNAP in conjunction with a TBP-TFB fusion construct, shown in this
study to bind to a T6 promoter sequence containing the TATA-like A box as well as
to be able to direct in vitro transcription, will yield novel insights into the mode of
recruitment of the archaeal RNAP by TBP and TFB onto the DNA. Furthermore,
I propose that, in conjunction with other RNAP subunits, Rpo13 may contribute
to open-complex formation through Rpo13’s contacts with the DNA, which causes
DNA unwinding by pulling the DNA strands. Rpo13 could therefore replace some
of the functions exerted by transcription initiation factors in transcription initiation.
However, no in vitro transcription product arising from the internal TSS of a bubble
DNA oligo substrate, shown to make contacts with the E32 residue of the Rpo13’s
N-terminus and proposed to interact with the C-terminal tail of Rpo13 ([180]), is
observed. The removal of Rpo13 from RNAP by alternative methods may allow a
more direct role of Rpo13 in transcription to be assessed.
RPC34’s interaction with the RNAP and TFB-2 was tested in this study with
either in vitro or in vivo means. It is found that while a GST-based pull down assay
suggests the existence of an interaction between the single, archaeal RNAP and
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RPC34, such an interaction cannot be detected in vivo with co-immunoprecipitation
assays.

It is possible that the interaction is weak, or only a small fraction of

RNAP in the cell is associated with RPC34, or that the interaction is cell cycle
regulated. However, upon ‘baby machine’ S. acidocaldarius cell cycle synchronisation
and analysis of RPC34 protein levels throughout the cell cycle, no fluctuations in the
RPC34 protein expression levels were observed when compared to the TBP protein
used as a loading control. Furthermore, no interaction between RPC34 and TFB-2
was observed when tested either with a yeast two-hybrid screen or by co-expression
means. It is possible that the interaction is weak, transient or additional components
are required to bridge such interaction. More importantly, since RPC34 has been
observed to cross-link to DNA ([29], [11]), RPC34 could act at the DNA level rather
than at the protein level, with a DNA regulatory role as a transcription factor.
I finally undertook a ChIP-seq approach with the antibodies against Rpo2 and
Rpo13 subunits since my biochemical studies suggest that Rpo13 has a transcription
factor-like role, with only transient association with the archaeal RNAP leading to
the existence of a free Rpo13 pool in the S. acidocaldarius cell extract. This ChIPseq analysis of the genomic distribution of the Rpo2 and Rpo13 subunits in the S.
acidocaldarius genome allowed the correlation of the distribution of Rpo2 versus the
one of Rpo13, testing whether Rpo13 is a bona fide RNAP subunit, or associates
with the RNAP only at transcription initiation in a transcription factor-like mode.
The ChIP-seq analyses were performed in conjunction with a RNA-seq analysis to
compare global transcription.
Analysis of the genomic distribution of Rpo13 versus the one of Rpo2 revealed
that there is a very good correlation between Rpo13 and Rpo2 subunits at both
a global and local level. Therefore, Rpo13 behaves as a bona fide RNAP subunit,
since it associates with the RNAP not only at transcription initiation, but also
during transcription elongation. Furthermore, the genomic distributions of Rpo13
and Rpo2 across the S. acidocaldarius genome are relatively even, suggesting that
the transition from transcription initiation to elongation is fast in Archaea, similarly
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to S. cerevisiae [111], [153].

Moreover, upon RNA-seq analysis, I found that

the levels of transcription at some genomic loci is higher than at the rest of the
loci, independent of RNAP occupancy levels. Thus, Rpo13 is a bona fide RNAP
subunit, with a functional role at both transcription initiation and elongation. At
transcription initiation, Rpo13 could contribute to open-complex formation through
DNA unwinding by pulling the DNA strands, while during transcription elongation,
it could contribute to the overall RNAP plasticity required for RNAP translocation
while gripping the DNA in similarity to the Rpb5 jaw domain missing in Archaea.
The weak Rpo13’s binding affinity to the DNA of Kd of around 2 µM allows for
transcriptional processivity.
In conclusion, this study has contributed to the advancement of knowledge
surrounding RPC34 and Rpo13.

It argues against a role for RPC34 in the

RNAP recruitment for the transcription and regulation of a subset of genes such
as non-coding rRNA and tRNA genes similarly to the eukaryotic RNAP-IIIRPC34. However, it supports a role for the archaeal-specific Rpo13 subunit in the
transcription of all the genes throughout the entire RNAP transcription cycle. At
initiation, Rpo13 could promote open-complex formation through DNA unwinding,
while at elongation, it could grip DNA and contribute to the overall RNAP plasticity.
My biochemical in vitro analyses in conjunction with in vivo approaches such as coimmunoprecipitation and ChIP-sequencing assays can in the future be complemented
with gene knock-outs of the rpo13 and rpc34 genes to assess any direct roles of Rpo13
and RPC34 in transcription. The manipulation of archaeal genetics is however
hampered by the scarcity of archaeal antibiotics. Alternative selection methods
based on auxotrophic markers are being currently developed and may open up
Archaea to molecular genetic analysis [3].
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