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Abstract

With recent advances in sequencing and mapping of genomes, the occurrence of
overlapping and nested transcription units is more common than previously thought in
both eukaryotes and prokaryotes. The interleaved genome model means that
transcriptional interference by collisions between concurrently transcribing RNA
polymerases is more likely than ever before. This thesis presents a study of the
outcomes of collisions between RNAPs transcribing concurrently from convergent and
tandem promoters using AFM to provide a view of single populations seen after

collisions.

Through the development of an improved DNA end labelling method and incorporation
of an inhibitor of RNAP non-specific binding the results of collisions can be viewed with
more confidence than previously possible. It was seen that collisions from both
convergent and tandem promoters resulted in both RNAPs remaining bound to the
template in hard contact. These collisions occurred by two main mechanisms. Either
between two active elongation complexes (ECs) or between an elongation complex and
an inactive complex referred to as a sitting duck (SD). EC-EC collisions were found to
be the most common for convergent promoters while with tandem promoters the
distinction between the two is less clear. In the case of EC-SD collisions it is shown that

shunting upstream of up to 100 bp by an EC is possible.

By utilizing a linear template that is susceptible to supercoiling due to spin locking, it is
shown that a region of highly positive supercoiled domain can prevent two
convergently transcribing RNAPS coming into hard contact. It is also shown that
topology of the DNA plays a role in the distribution of EC-EC and EC-SD collisions that
occur for both promoter arrangements. This indicates that topology influences the
outcomes of concurrent transcription and provides a mechanism by which RNAPs can

sense one another via the DNA template.
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Chapter 1: Introduction

1 Introduction

The organisation of genomes is highly complex where it is being increasingly found that
information is compressed within degenerate sequences. There are a number of genes
which have transcriptional start sites nested within other genes as well as a number of
genes with sections that overlap. As the technology to map genomes has developed,
new genes as well as a large number of non-coding transcriptional start sites have been
discovered, indicating that nested and overlapping genetic units are more common
than previously believed [1]. These overlaps can occur with start sites directing
transcription in the same direction (tandem) or in opposite directions, either directing
transcription towards each start site (convergent) or away from each other (divergent).
These arrangements allow for transcriptional machinery to interact with each other.
The outcomes of these interactions has been shown to lead to alterations to the
process of transcription through mechanisms known collectively as transcriptional
interference (TI) [2]. One important mechanism of Tl that can occur is collisions
between RNA polymerase (RNAP) molecules. Investigations into collisions has often
been performed using bulk biochemical methods to provide insight into the outcomes
of collisions as well as the effects these events may have on gene expression. Bulk
methods do not provide information about single collision events or the sub-
populations of outcomes. This has led to the use of single molecule techniques such
as atomic force microscopy (AFM) which can be a powerful tool to understanding sub-
populations. The advantage of single molecule studies is that individual expression
events can be monitored as opposed to population average events that are measured
in “ensemble-type” experiments. AFM allows the study of collisions between two
single RNAP molecules one complex at a time. Previous studies by Crampton et al. and
Billingsley et al. were able to show that AFM is well suited to the study of these collision
events [3, 4]. Both found that collisions tended to occur by two main mechanisms.
Either between two elongating RNAP complexes (EC-EC collision) or between an
actively elongating complex and an inactive complex, termed a sitting duck (EC-SD
collisions). A number of issues were noted though when performing studies using ex
situ AFM. Firstly, the direction travelled by each RNAP is not possible to determine

after elongation had occurred. This was remedied by the use of a single stranded DNA
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labelling approach by Billingsley et al. , however, this method was relatively inefficient
and gave low yields of labelled transcriptional templates [5]. The second issue was the
inability to ensure that only specifically bound complexes were studied from a single
round of transcription due to the lack of an inhibitor of non-specific binding being

included in the preparation of samples.

Another interesting avenue not previously investigated is the importance that the DNA
template itself plays in the occurrence of collisions. The process of transcription has
been shown to alter the topological state of the DNA template. The effects that
topology plays in Tl and gene expression are not fully understood but it is expected that
the role of topology is much greater than previously believed at all stages of

transcription [6].

1.1 Project aims

The aims of this project were to build upon the methods used by Crampton et al. and
Billingsley et al. to investigate RNAP collisions during in vitro concurrent transcription
using ex situ AFM. The further development of the labelling method by Billingsley et
al. to provide a high throughput and high yield version of this method is presented in
this thesis. This was achieved through the use of a polymerase chain reaction labelling
method which allows for the exponential increase in labelled template. The effects of
the single stranded DNA label as well as the importance that the sequence of the label

may have on transcription were also investigated.

As previously mentioned, the lack of an inhibitor of non-specific interactions between
the RNAP and DNA template means that some uncertainty exists in previous studies of
not just RNAP:DNA interactions but for many protein:DNA interactions investigated by
AFM. To overcome this uncertainty, a method for the incorporation of such an
inhibitor was required. This method was then applied to convergent and tandem,
single round transcription events. The outcomes of concurrent transcription were then

assessed with a higher degree of certainty than previously possible.
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As the development of this method allows for higher certainty in the data collection,
investigations into more complex transcription templates was investigated. The role
that template topology plays in these collision events was investigated through the
introduction of topology resolving proteins to assess what effects this might have on

collision events.

1.2 Synopsis
Through the use of atomic force microscopy (AFM) this thesis details the study of the

outcomes of collisions between two different promoter arrangements, tandem and

convergent.

Firstly, a high throughput and efficient method for the labelling of DNA using a single
stranded DNA loop was developed, which is described in Chapter 5. It was found that
this loop provided a polarity marker for the DNA template. The loop structure
appeared not to change as a result of altering the base composition of the loop. Upon
formation of open promoter complexes, RNA polymerase (RNAP) displayed a similar
affinity for binding to the loop as to its promoter region. It was seen that ~50 % of
complexes analysed had a RNAP located at the loop structure. Following initiation of
transcription, the RNAP travelled towards the loop where stalling resulted as a
consequence of the loop, trapping RNAPs at the end of the template. The terminal loop
was then used a polarity marker for experiments using templates with two promoters

aligned either convergently or tandemly.

Non-specific binding can obscure those RNAPs that have undergone collisions. Itis also
possible that multiple rounds of transcription may occur. In order to ensure only those
RNAPs that had undergone a single round of transcription were studied an inhibitor of
non-specific binding and OPC formation was incorporated into samples and is
presented in Chapter 6. It was found that Heparan sulphate (HS) had a number of
advantages over the standardly used heparin, with heparin providing only 22 % of
complexes with two open promoter complexes (OPCs) formed while HS yielded ~51 %
with two OPCs formed. Upon initiation of transcription from both tandem and

convergent promoters it was found that collisions led to the stalling of both RNAPs on
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the DNA template, with the majority coming to rest in hard contact. For convergent
promoters, it was observed that collisions between two elongating complexes (ECs)
were most common accounting for 61% of complexes analysed while 31 % of collisions
occurred between an EC and an RNAP inactive at the promoter, known as a sitting duck
(SD). EC-SD collisions appeared to occur via two distinct mechanisms. One where both
RNAPs stalled upstream of both promoters indicating that an EC was able to push a SD
upstream. The second displayed RNAPs located either side of the promoter. In the
case of tandem transcription it was found that 59 % of collided complexes were located
downstream of both promoters while 35 % had the trailing RNAP located between the
promoters. Discrimination between EC-EC and EC-SD collisions is not so clear in the
tandem case though as both RNAPs are travelling in the same direction. What is
apparent is the inability of both RNAPs to transcribe the full template and stall at the

loop.

Chapter 7 presents investigations into whether these collisions are altered by a change
in template length. Transcription was initiated from a template with longer arms either
side of the promoters in the presence or absence of the supercoil resolving protein
Topoisomerase IB. This approach tested hypotheses about the effects molecular drag
and local template topology for linear DNA templates have on concurrent transcription.
It was found that for collisions occurring between convergently transcribing RNAPs
stalling occurred at an increased separation of ~ 76 nm as opposed to the RNAPs
stalling at a distance of ~14 nm (indicative of RNAPs coming into hard contact). This
was deduced to be a consequence of transient supercoiling, as after the addition of
Topo IB the majority RNAPs stalled at a distance of ~¥14 nm. It was also observed that
the ratio of collision types was altered by topology of the DNA with 45 % of collisions
being EC-EC collisions and 43 % being EC-SD collisions in the absence of Topo IB for
convergent promoters. With Topo IB present, the numbers of EC-SD collisions returned
to a value similar to that seen for the shorter template (31 %), indicating that local

supercoiling may play a role in promoter escape.

For transcription events from tandem promoters, the effects of topology were most
apparent when considering the ratio of the types of collisions seen. Only 20 % of

complexes were located downstream of both promoters and 71 % had the trailing

4
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RNAP located between the promoters in the absence of Topo IB. With the addition of
Topo IB, those located downstream of both promoters accounted for 54 % of
complexes analysed while only 36 % had the trailing RNAP located between the
promoters, again, similar to the shorter template case in the absence of any topology

resolving enzyme.

The methods devised in this work are applicable to many DNA-protein studies allowing
greater certainty and accuracy when using single molecule techniques. The outcomes
of convergent and tandem transcription provide evidence that RNA polymerase
collision based Tl can present a potent block to transcription and gene expression. The
importance that topology plays in these collisions is also highlighted and provides a

mechanism of sensing and feedback for concurrently transcribing RNAP.

1.3 Chapter overview

Chapter 1
Introduction to thesis subject and the aims of the work contained within the thesis. A
synopsis of the main outcomes of the research is also provided with a brief overview

of the contents of each chapter.

Chapter 2

This chapter presents an overview of the important components of the transcription
process. An overview of the structure of DNA and the role that it plays is discussed.
The process of transcription is summarised and the abundance and current

understanding of nested and overlapping genes reviewed.

Chapter 3

As AFM is a core technique used throughout this thesis an overview of its basic
operation as well as the interactions and forces that occur between the tip and sample
is given.

The chapter also discusses the process and considerations of studying DNA protein
interactions by AFM. Also discussed are previous studies of transcription using AFM

and the importance that these studies have in our current understanding.
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Chapter 4

This chapter introduces the main methods used throughout the thesis, in particular;
Polymerase chain reaction (PCR), gel electrophoresis, DNA purification, in vitro
transcription and AFM sample preparation and imaging. The methods for AFM image

processing and data analysis are provided.

Chapter 5

The first experimental chapter presents the development of a PCR based labelling
method. The efficiency and consequence of the sequence of the single stranded label
may have on the labelling process and appearance under AFM is also investigated. The
effects that these labels have on formation of open promoter complexes (OPCs) and

on elongating complexes (ECs) are also presented.

Chapter 6

This chapter goes on to investigate and develop a method for the incorporation of the
inhibitors of non-specific binding, namely, heparin or heparan sulphate (HS). The
effects that these molecules have on imaging of DNA, RNAP and transcription

complexes is assessed.

Once a method to incorporate HS into samples had been developed, this was applied
to the investigation of concurrent transcription from both convergent and tandem
promoters. The formation of OPC was investigated and the outcomes of collisions

between RNAPs in the presence of HS is presented.

Chapter 7

The outcomes of concurrent transcription events are studied using a template that
allows for constraint of torsional stress. The role that topology and torsional stress
may play in concurrent transcription events and collisions is further interrogated by the
introduction of the topology altering protein Topoisomerase IB. The outcomes of
concurrent transcription from both convergent and tandem promoter arrangements in
the absence and presence of Topo IB is presented. The role that topology may play in

concurrent transcription events is then discussed.

6
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Chapter 8
The final chapter discuss the overall conclusions that can be drawn from the work
presented in previous chapters. Future studies and development of the experiments

and methods presented in the thesis are also discussed.
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Chapter 2: DNA and transcription

2 Introduction to nucleic acids, DNA and

transcription

Presented in this chapter are the structure of deoxyribonucleic and ribonucleic acids
(DNA and RNA) and the some of the roles these molecules have in biology. An overview
of the constituent parts that make up DNA is given along with the structural properties
of this biopolymer. As one of the focusses of this thesis is the study of transcription,
specifically concurrent transcription of promoters arranged either in a convergent or
tandem orientation an overview of the process of transcription and the relevance of

such gene structures may play in biology is presented.

2.1 History of DNA

Gregor Mendel performed the first experiments on the transfer of specific traits while
investigating plant hybridisation and progeny [7]. He was able to show that
characteristics of plants were dependent on the two parent plants, leading to the
concept of the heritability of specific characteristics such as color and stem length.
Mendel suggested that there was a transferable unit, which was later to be coined by
William Bateson as genes [7, 8]. The theory of genes was supported by Thomas-Hunt
Morgan who went on to suggest that genes were organised in chromosomes through
studies on fruit flies (Drosophila) , with his student Strutevant further showing that not
only were genes organised in chromosomes but occurred in a linear fashion [9, 10].
Even though the presence of genes had become an accepted theory, the material

which made up these transferable elements was not elucidated until a later date.

Nucleic acids were first discovered to be present in the cell as long ago as 1868, when
Friedrich Miescher purified a substance unsusceptible to protease degradation,
containing high levels of phosphorus and no sulphur, indicating the material he purified
was not protein. Miescher named this substance nuclein as it originated from the
nuclei of cells [11]. Miescher’s work paved the way for other scientists to further
resolve the constituents of nuclein. Albrecht Kossel determined that five molecules,
consisting of a purine or pyrimidine ring, a sugar and a phosphate group, made up what

9
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was to be eventually named as nucleic acid [12, 13]. This led to Kossel being awarded
the Nobel prize for this work and his proposal that nuclein was involved in the transfer
of information between cells [12]. In 1928 Griffith was able to show that the virulence
of bacteria could be transferred from dead cells to live cells through the process of
transformation, even though this is one of the earliest experiments to indicate that
DNA was the genetic material this fact was not realised [14]. It was not until
experiments by Avery et al. in 1944, in which it was shown that DNA alone was needed
for transformation, coupled with Hershey and Chases later experiments on
transduction of DNA from bacteriophage to bacteria, was it confirmed that DNA was
the genetic material [15, 16]. Even though nucleic acids were known to scientists it
was not until 1953 that the structure was elucidated by Watson and Crick by studying
X-ray fibre diffraction patterns obtained by Rosalind Franklin, along with Chargaff’s
observations from 1952 that all cells had a ratio of pyrimidines to purines of close to
one [17, 18]. Once the structure was available it was possible to determine how DNA

was able to encode cellular information and also to replicate itself.

2.2 Structure of DNA

2.2.1 Nucleic acids
Nucleic acids consist of three main parts: a pentose sugar, a phosphate group and one
of five bases. The sugar found in RNA is ribose and in DNA is 2’-deoxyribose which lacks

the oxygen atom on the 2’ carbon (Figure 2-1).

HO—CH, | OH HO—CH, | OH
HE” CH HC”™ CH
4y 4 4, 4
CH=mCH CH=mCH,
33 K
OH OH OH
B-D-Ribose B-D-2-deoxyribose

Figure 2-1: Sugar units found in nucleic acids ribose (RNA) and deoxyribose (DNA).

It can be seen that deoxyribose lacks the oxygen atom the carbon 2’.
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There are two types of bases found in nucleic acids, purines and pyrimidines (Figure 2-
2). Nucleosides are formed when the nitrogen atom 9 of the purine bases adenine or
guanine (A and G) or the nitrogen 1 of pyrimidine bases, thymine, cytosine and uracil

(T, Cand U) are attached to the carbon 1’ of the pentose sugar.

Purines
NH, 0
4 Il
) XN ) NH
¢ 1 4%
NH H// NH N/\NHZ
Adenine Guanine
Pyrimidines
0
II
[
NH 0
Uracil
0 NH,
HC Il
B )
NH X0 SNH X0
Thymine Cytosine

Figure 2-2: Nucleic acid bases that occur in DNA and RNA.

Phosphate groups attach to the 5’ carbon of the sugar to form a nucleotide.
Nucleotides may contain 1, 2 or 3 phosphate groups labelled a, § or y respectively. This
gives rise to a range of nucleotides named to indicate the number of phosphate groups
attached, e.g. adenosine monophosphate (AMP), adenosine diphosphate (ADP) or
adenosine triphosphate (ATP). These monomers can be then joined via a
phosphodiester bond between the a-phosphate group on the 5’ carbon and the 3’
carbon of the sugar ring forming nucleic acid chains. The energy required for the
formation of this bond is derived from the B phosphate bond of the NTP. Figure 2-3
highlights how the sequence of nucleotides has a direction resulting from the
asymmetry of the terminal ends of the chains, one being a terminal phosphate
attached to the 5’ carbon, the 5’- end and the other having a terminal hydroxyl group

attached to the 3’ carbon, the 3’-end.
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Figure 2-3: Nucleotides are joined together via a phosphate group linkage to form a

chain. The polarity of the chain is denoted by the 5’ phosphate and the 3’ hydroxyl

group.

2.2.2 The DNA double helix

In the structure proposed by Watson and Crick, the DNA adopts a double-stranded
right-handed helix, with the phosphate sugar groups lying on the exterior and the bases
in a perpendicular orientation in relation to the helix lying relatively flat [17]. The two
strands of DNA are arranged in an antiparallel fashion with one chain running in the 5’
to 3’ (referred to as the sense strand) direction and the other running 3’ to 5’ (referred
to as the anti-sense strand). The bases inside this helix bind to each other through
hydrogen bonds. These hydrogen bonds are not random in nature but highly specific
with A binding T with two hydrogen bonds and G binding to C with three hydrogen
bonds as can be seen in Figure 2-4. This binding is referred to as Watson and Crick base

pairing. Due to the extra hydrogen bond between the C and G a higher energy is
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required to disrupt this bonding than A and T, meaning that sequences containing
higher amounts of C-G base pairs will require more energy to disrupt the interaction

and cause the two strands to denature from each other [19].

A. B. .
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Figure 2-4: Structure and base pairing of DNA. A) A cartoon of the grooves formed
upon base pairing between two antiparallel ssDNA molecules. The DNA strands are
represented as blue and light blue curved lines with their polarity denoted from the
top of each strand with bases by coloured circles. B) Shown are the hydrogen
bonds formed between base pairs with A and T having two hydrogen bonds and C

and G three.

As it can be seen in Figure 2-4 the helical structure contains two distinct grooves. One
being wider and is therefore called the major groove and the other, minor groove being
narrower. These grooves are important factors for recognition of the DNA by DNA
binding proteins [20]. The organisation of the nucleotides mean that the interior of the
double helix is largely hydrophobic whereas the exterior backbone with its phosphate
groups is hydrophilic. This structure gives the DNA a diameter of approximately 2 nm.
The double helix contains approximately 10.4 base pairs per turn of the helix with a
base pair separation of 0.34 nm giving a total of 3.6 nm rise per helical turn. This
structure proposed by Watson and Crick is named B-form DNA and is the most

commonly occurring form of DNA in vivo.
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Other forms of DNA exist in vivo as well as there being synthetic forms of DNA. The
most relevant of these being A-form and Z-form DNA. DNA adopts the A-form when
present in lower humidity of around 75% [21]. A-form DNA has a broader cross section
of 2.6 nm with the bases being tilted off the helical axis. The major and minor groove
also differ from that of B-form DNA with major groove being narrow and deep and the
minor groove being wide and shallow. Due to this the grooves are often referred to as
the deep and shallow grooves respectively [22]. A-form DNA is also found in vivo and
resembles the structure of double stranded RNA and may be involved in DNA-RNA
hybrids. The DNA-RNA hybrid is unable to form a B-form helix due to the steric clash
of the 2’-hydroxyl group of the ribose sugar backbone. The final form of DNA was
initially produced in vitro in the 1980’s but can occur in vivo. This form of DNA is Z-
form and is adopted when the DNA is made up of a pyrimidine purine repeat sequence
at higher salt concentrations or when these sequences are under torsional stress [23].
Z-DNA adopts a left handed helix, opposite to A and B- forms [24]. The helix has a
cross-sectional diameter of 1.8 nm with a helical repeat of 12 bp (in comparison to the
B-forms 10.4) with a sugar phosphate backbone in a zigzag conformation [25]. A
comparison of the three forms of DNA can be seen in Figure 2-5 with the structural

features of each form given in Table 2-1.

Figure 2-5: The three main confirmations of DNA. B and A DNA adopt a right
handed helix with B having smaller diameter and larger helical pitch. Z DNA adopts
14
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a left handed helix with a smaller diameter than both B and A forms and a different

arrangement of the nucleotide bases as seen by the top down view [26].

DNA Form  Helix Bp/Turn Helix Major Minor
handedness Diameter Groove Groove
(nm)

B Right 10.5 2.0 Wide and Narrow and
deep deep

A Right 11.0 2.6 Narrow and Wide and
deep shallow

Z Left 12.0 1.8 Flat Narrow and

deep

Table 2-1: Structural features of the main forms of DNA [27].

2.2.3 RNA

There are three main structural differences of RNA from DNA: the sugar being a ribose
(rather than deoxy-ribose); Thymine is replaced by uracil in RNA; and typically RNA
does not adopt a regular double helical structure. The presence of the hydroxyl group
on the ribose sugar means that the RNA is not able to adopt the B-form helical structure
of DNA. The hydroxyl group interferes with the confirmations of the sugars. RNA is
able to form an A-form double helix and is able to base pair, often folding upon itself
to form complex secondary structures. This ability to form complex structures means
that RNA is able to display some enzymatic activity as is seen in enzymes known as

ribozymes such the ribosome [28].

2.2.4 DNA secondary structures and topology

DNA is also able to adopt secondary structures. These can take a number of forms with

a summary of common structures shown in Figure 2-6 [29].
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Figure 2-6: Non-B DNA structures. Examples of the main types of non-B DNA

structures seen in vivo are shown. Each example gives a schematic representation
of the geometry of each structure along with the type of sequence which forms the

structure and example sequences in the right hand column [30].

Hairpin loops and cruciforms arise when an inverted repeat occurs in one strand of the
double helix (hairpin) or both strands of the double helix (cruciform) leading to
intrachain base pairing and extrusion of a single stranded loop from the DNA helix [31].
These structures have been seen to be able to form inverted repeats as short as 7 bp

in vivo [32].
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Figure 2-7: Examples of hairpin and cruciform structures formed by DNA. A)
Formation of a hairpin loop through intra-chain bonding at an inverted repeat
highlighted in blue. B) Formation of a cruciform at an inverted repeat in both

strands of a dsDNA sequence.

The occurrence of these hairpin and cruciform forming sequences are more common
in eukaryotic genomes than in prokaryotes but it has been shown that they an
important role in both prokaryotic and eukaryotic DNA replication [33, 34]. Triplex
structures form when the DNA contains mirrored stretches of homopurine:
homopyrimidine sequence [31]. This allows for a single stranded polynucleotide
sequence to bind to the major groove of the underlying DNA to form a triple stranded
structure [35]. These sequences are again more abundant in eukaryotes than in
prokaryotes and are often found near promoter regions of genes [36]. Slipped strand
structures form when direct repeats are present and complementary strand base
pairing is misaligned leading to hairpin formation or looping out of bases with this
occurring during replication of DNA [34, 37, 38]. Tetraplex DNA or G-quadraplexes are
formed by long stretches of G bases which are able to act as donors and acceptors in
what is referred to as Hoogsteen base pairing [31]. G-quadraplexes have been found
to occur at a number of different regions of eukaryotic genomes, most notably within
telomeric DNA. Sequences that could form G-quadraplexes have also been found in

the immunoglobulin switch region and at promoter start sites in both eukaryotes and
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prokaryotes [39]. Sequences of repeating alternating purines and pyrimidines have
been shown to be able to adopt the left handed zigzag helical structure of Z-DNA [31].
The crystal structure of a B to Z DNA junction was obtained in 2005 and showed
extruded base pairs on each side of the double helix, with these bases believed to be

more susceptible to modifications [40].

All of these structures have been recorded to occur in vivo and have implications in
areas of DNA metabolism such as transcription, replication and recombination events.
The process by which these structures alter DNA metabolism is not fully understood
but in many cases these structures are involved in genome instability and diseases
which have been reviewed [30, 31, 34, 38]. All these structures require some form of
energy input in order to form. This energy input is often derived from changes in the
topology of DNA, being most commonly formed and maintained by underwinding of

the DNA helix or negative supercoiling [41].

When DNA undergoes processes of replication, transcription or any form of protein or
molecule binding, the geometry and topology of the DNA is altered, especially when
the two strands are separated. If we consider the DNA as two braided ropes, if these
ropes are pulled apart this leads to an increase in twisting of the rope and at some

point the rope will coil upon itself, as is shown in Figure 2-8.

Figure 2-8: Representation of the changes of DNA when strands are separated. As
the two strands separate (left side of image) the double helical chain is under
increased tension, leading to the formation of overwound structures or supercoils

[42].

These structures that form due to the rope coiling upon itself are referred to as

plectonemes or toroids and are a direct result of supercoiling. Supercoiling is the
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higher order coiling of the DNA helix which can occur during processes where the DNA
must be unwound in order to access the sequence of a single strand such as with
transcription and replication, as is seen in Figure 2-9. Supercoiling also plays a role in
storage of DNA in both eukaryotes and bacteria, with DNA often being supercoiled and
organised into high order structures to reduce the amount of space a genome or
plasmid may occupy as well as protect from degradation or help improve its transport

[43, 44].

A. Transcription B. Replication
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Figure 2-9: The introduction of supercoiling by cellular processes. A) In
transcription, the DNA is melted in order for the RNA polymerase to gain access to a
single stand leading to over-winding in front and under-winding behind the protein.
B) In replication the two strands must be separated to allow a new daughter strand

to be produced, this leads to occurrence of over-winding [26].

In Figure 2-9 structures are labelled positive and negative, indicating the type of
supercoiling that is present. Positive supercoils can be simplified to an over-winding of
the DNA helix and negative supercoils are an under-winding of the DNA helix. If we
assume that the DNA is linear but tethered at both ends, as in nature by a protein or
the chromosome itself, the DNA is in a sense closed, or if the DNA is actually a closed

circle like a plasmid then this can be explained mathematically by the equation
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ALk = Lk — Lk°
Where ALk is linking difference or change in linking number. The linking number Lk is
defined as the number of times that the two strands in the helix cross over each other
in a closed DNA molecule and is constrained to an integer in a closed DNA molecule.
This number is unaffected by changes in the conformation of the DNA as long as both
strands remain intact. Lk°is the standard linking number which is the actual number

of helical turns of the DNA molecule in its relaxed state and is given by the equation

Lo =2
"~ h

Where N is the number of base pairs in said molecule and h is the number of base pairs
per turn of the helix which for standard DNA is 10.4-10.5. Lk° therefore serves as a
reference point to measure the level of supercoiling. The linking number of closed
circular B-DNA is defined as positive, and so a further twisting of the helix before it is
closed leads to a positive linking difference ergo positive supercoiling. If the helix is
unwound before closure then the linking difference is negative ergo negative

supercoiling.

The geometric consequences of supercoiling can be explained by the equation

Lk =Tw+ Wr
Tw is the twist and describes how the strands of the DNA coil around each other about
the axis of the DNA helix. Wr is the writhe and is a measure of the coiling of the helix
axis in space. Due to the fact that the linking number is invariant then changes in the
twist of the DNA must be compensated for by an equal but opposite change in the

writhe, and vice versa. This concept is shown by the diagram in Figure 2-10.
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Figure 2-10: Diagram depicting the link between changes in twist (Tw) and writhe
(Wr). It can be seen that changes in twist of the DNA leads to an opposite and
equal change in writhe which is accomplished by the DNA adopting different

structures [45].

Even though the linking number, twist and writhe are not easily calculated, an
understanding of the structures formed due to supercoiling is important, as
supercoiling can change the conformation of the DNA as well as leading to the

stabilisation of structures previously discussed at the start of this chapter.

2.2.5 Supercoiling in the cell

Globally in both eukaryotes and prokaryotes the genomes are maintained in an
underwound state, or negatively supercoiled [6, 46]. In prokaryotes this negative
supercoiled state is maintained by wrapping of DNA around proteins such as HU and
H-NS which constrain negative supercoils, but this only accounts for 50-60% of the
supercoiling seen, whereas in eukaryotic genomes the writhing of the DNA around
histones, which constrains negative supercoils, accounts for nearly all of the negative
supercoiling [47, 48]. Prokaryotes contain proteins not found in eukaryotes, known as

DNA gyrases which are able to introduce negative supercoils as well as topoisomerases
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which are proteins capable of removing negative supercoils. These proteins are
important in maintaining the unconstrained supercoiling seen bacteria [49]. Eukaryotes
also have topoisomerases that are able to reduce negative supercoiling as well as

positive supercoiling and these are often closely linked to DNA metabolism [50].

The genome of prokaryotes is organised into domains as shown by experiments by
Sniden et al. who introduced single stranded nicks into the DNA, but found that the
DNA maintained its negative supercoiling [51]. These domains were further defined by
Postow et al. who was able to show that these domains were approximately 10 Kbp in
size as well as being dynamic and stochastic in nature [52]. Domain structures have
also been noted in eukaryotes, with domains often being much larger (10 Mbp) [53,
54]. The maintenance of these domains is suggested to be by a number of mechanisms
and proteins which form a topological barrier, thereby not allowing supercoiling to
spread through the whole genome. These topological barriers can be formed by
insertion into the membrane of DNA bound proteins, chromosome to chromosome
interactions, by nucleoid proteins bound to the DNA and by the binding and actions of
proteins during processes such as transcription, replication or recombination [52, 55,
56]. Maintaining a global negative supercoiled state can help promote processes such
as transcription and replication by aiding in the melting of the DNA duplex as well as in

storage of a chromosome.

Supercoiling also plays an important role locally as well. Changes in local supercoiling
of DNA allows for the binding of proteins or the formation of non-B DNA structures that
can regulate cellular processes as well as also stabilising DNA transactions [6].
Supercoiling has been suggested as being the highest hierarchal level of gene
expression control [47]. As many of these processes lead to changes in supercoiling
themselves there exists a complex auto-regulatory system. For example the
transcription of DNA by RNA Polymerase (RNAP) leads to the formation of a positively
supercoiled domain downstream of the protein and a negative supercoiled domain
upstream of the protein as presented by the twin supercoil domain theory of Lui and
Wang [57]. The supercoiling linked to transcription is extensive with approximately 1
supercoil being introduced for every 10 bp transcribed [6]. This is addressed by

topoisomerases in the cell in order to prevent a large build-up of torsional stress which
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can have an inhibitory effect on transcription but evidence shows that supercoiling is
not fully resolved [58-60]. The changes in supercoiling induced by transcription can
lead to the formation of non-B DNA structures, promote further rounds of transcription
as well as promote or destabilise binding of proteins like the nucleosome or
nucleosome like structures [61, 62]. The importance of supercoiling on gene
expression is confirmed by experimental work such as that carried out by Joshi et al.
who showed that there was a reduction of ~80% of gene expression when high levels
of supercoiling were present as well by Geertz et al. who showed that supercoiling
density affected the expression profile of a cell [63, 64]. The role that supercoiling plays
in cells is still being discerned but there are a number of reviews which provide insights

into the possible roles that supercoiling plays in cellular processes [6, 55, 61, 65, 66].

2.3 Central dogma of molecular biology

In vivo DNA acts as a storage device for information required for the functioning of an
organism. It is copied in a process called replication so that the information can be
transferred to future generations. The information contained in the DNA, provides a
code for production of RNA through the process of transcription, carried out by RNAPs.
The RNA produced is a direct copy of the coding strand (complementary copy of the
template strand) but with U in place of T. The RNA transcribed can be a non-coding
RNA (ncRNA) such as transfer RNAs (tRNA) and ribosomal RNA (rRNA). Other non-
coding RNAs include Small nucleolar RNAs (snoRNAs), microRNA (miRNAs), Small
interfering RNAs (siRNAs), extracellular RNAs (exRNAs), piwi-interacting RNAs (piRNAs)
and Small nuclear ribonucleic acids (snRNAs) [67]. Coding RNA or messenger RNA
(mRNA) provides the template for the production of a protein, by the process of
translation. This flow of information from DNA to RNA to protein was first proposed by
Crick in what was described as the “Central Dogma” of molecular biology (Figure 2-11)
[68]. As our understanding of the processes that occur in cells and organisms has
increased it has been found that this flow of information is much more complex than
previously thought, with metabolic processes, DNA structure, RNA and the replication
of viruses indicating that DNA, RNA and proteins can play a number of different roles

outside the central dogma [69, 70].
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> Protein

Translation

LETT T

Figure 2-11: The central dogma of molecular biology. The main pathway is shown
by the blue arrows with the flow from DNA to RNA to protein. Also shown by the
red dashed arrows are subsequent additions to the central dogma as our
understanding has progressed. A accounts for reverse transcription seen in viruses,
B is the ability of some viruses to replicate their RNA based genomes, C represents
the input of RNA feedback through such mechanisms as small interfering RNAs and

riboswitches and D is the feedback provided by proteins and metabolism.

2.3.1 RNA polymerase structure

Transcription is a first step in the process of gene expression and is defined as the DNA
templated production of RNA. In order to understand this process, knowledge of the
structure of the main component, RNAP is important. The RNAP protein is found in
some viruses, mitochondria, bacteria, archaea and eukaryotic cells and was first
described in 1960 [71]. In the case of mitochondria and viruses such as bacteriophages,
RNAP is a single subunit protein [72, 73]. In other organisms RNAP is made up of
multiple subunits. Eukaryotes contain three RNAPs each with a specific role in the cell,
these proteins can range from 12-17 subunits whereas archaea and bacteria only
contain a single RNAP [74]. The archaeal RNAP has 14 subunits whereas the bacterial
protein only has 5 [75]. The simplistic nature of the bacterial RNAP has meant that it
is the most studied and best understood. The E.coli RNAP often serving as a simplified
model of more complex RNAPs as it has been shown that all multi-subunit RNAPs
consist of a conserved core region that contains the active site and major domains and
show a high degree of sequence, structural and functional homology [75-79]. For this
reason E.coli RNAP is used as a model system in this work and the process by which it

performs transcription is described.
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E.coli RNAP consists of 5 units, B, B’, w and a dimer of a with a combined molecular
weight of 340 kDa [80]. Bacterial RNAP requires a secondary protein in order to
specifically bind to its promoter. This protein is known as sigma factor. In bacteria
there are seven sigma presents [81]. These include 679, 0%, 0?4, 6%, 0%, 038 and o°*.
Each acts in response to different stimuli such as stress response and heat shock. All
o-factors have conserved domains and activity but > differs in that it is able to bind
its DNA target defendant of RNAP core enzyme and also requires an activator (bacterial
enhancer binding proteins) in order to initiate transcription [82]. The most abundant is
0’ which is considered the housekeeping sigma factor with the superscript number
denoting its molecular weight [83]. o¢7°is composed of 4 domains (1-4) with each
domain being broken down into regions. Domains 2-4 bind to promoter elements
while domain 1 is located in the active site of the RNAP [84]. The RNAP and sigma
factor combined are known as the holoenzyme (oRNAP) and have a combined

molecular weight of ~420 kDa.

Figure 2-12: Structure of bacterial RNAP holoenzyme. The specific subunits have
been given separate colours and labels and the B’ clamp has been labelled. Orange

is 679, yellow is ai, green is aii, cyan is B, pink is B’ and grey is w. (adapted from [85])

The first crystal structures reported by Zhang et al. were of Thermus aquaticus (Taq)
o0’°RNAP which agreed well with electron crystallography data collected by Darst et al.
with this being further confirmed in 2013 by Murakani who reported the structure of
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E.coli 6’°RNAP at a resolution of 3.6 A using X-ray crystallography (Figure 2-13) [85-87].
The core enzyme has a number of key elements with the overall structure having the
appearance of a crab claw. One pincer of the claw is formed by the B’ unit and the
other claw being from part of the B unit. Together they form a channel that runs the
length of the protein that has a diameter of ~27 A [80]. There is also a secondary
channel that allows for the entry of NTPs. The a units are found at the B and '
interface and are involved in assembly of the  and B’ units as well as interacting with
elements of the DNA and activator proteins [88, 89]. The w unit associates with B’
subunit and acts as a chaperone in its recruitment to the enzyme assembly [90]. The
channel is surrounded by five domains: the p’-clamp, B’-jaw, B-flap and the up and
downstream B —lobes (Figure 2-14) [91]. These domains can move independently and
regulate the opening and closing of the main channel and loading of DNA into the active

site [92, 93].

Downstream Upstream

Figure 2-13: Crystal structure of bacterial RNAP with key elements highlighted, the
0’%is removed but outlined in red. The active site Mg?* is represented by the red
sphere, the B downstream (DS) lobe is shown in yellow, the B upstream (US) lobe
orange, the B flap in green, the B’ clamp in blue and the B’ jaw in pink (adapted
from [91])
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At the upstream region is the exit for the nascent RNA chain which is prevented from
forming a long hybrid with the DNA by the lid. The active site of RNAP contains a rudder
region which is involved in maintaining the separation between the template and
coding strands. The bridge helix and the trigger loop which are involved in
translocation are found opposite a Mg?* ion, which is involved in the catalytic activity

of the protein (Figure 2-13 and -14).
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Figure 2-14: Cut through cartoon of bacterial RNAP. The protein is shown in grey
with the channel and important features labelled. The active site Mg?* is shown in
pink with a nascent RNA transcript attached by its 3’ end (red). The template strand
is shown in blue while the coding strand is shown in green. The rudder element is

shown in white [94].
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2.3.2 Process of transcription

The process of transcription can be broken down into three main stages: initiation,
elongation and termination. The first step in the initiation stage is the locating of a
sequence known as the promoter by the cRNAP. This is aided by the presence of the
sigma factor which as is able to bind to specific DNA sequences. Promoters lie
upstream of the transcriptional start site and are defined by the presence of certain
conserved elements. In bacteria there are two main elements, the Pribnow box which
has a conserved AT rich nature normally having the consensus sequence TATAAT on
the template strand at a position 10 base pairs (bp) upstream of the transcription start
site (-10 position). This region may have an extended AT rich sequence that can
enhance promoter activity [95]. In eukaryotes this region is reflected by the TATA box
found at -30 [96, 97]. The second conserved element is the -35 sequence which has
consensus sequence TTGACA [98]. It is noted though that the majority of promoters
only conserve three to four of the consensus nucleotides in vivo. These two regions
are recognised and bound by the sigma factor regions, 2 for the -10 element and region
4 binding the -35 element (Figure 2- 15) and have an optimal spacing of 17 £ 1 bps. It
was shown by Ross et al. that promoters can also contain further recognition regions
referred to as the UP elements, which interact with the a subunits of the RNAP (Figure

2-15) [99-102].
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Figure 2-15: RNAP holoenzyme bound to a promoter DNA sequence. The  and B’
subunits are shown in green and blue with the 6”° factor in red with each region
designated (0 1, 2, 3 ,4) to DNA (grey). The 6’°regions are shown to provide a
visualisation of binding to the promoter elements (red boxes). The a subunits are
shown in purple, with the N-terminal domain (NTD) which binds the B and B’ units
highlighted and the C-terminal domain (CTD) shown binding to UP elements as

suggested by Ross et al. [99].
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For promoter binding to occur the RNAP holoenzyme must first locate the promoter.

The mechanism by which this occurs is debated [103]. As the promoter is only a

miniscule fraction of the total DNA, locating the promoter would take a prohibitive

amount of time if it was to occur by three dimensional (3D) diffusion and so a process

of facilitated diffusion has been suggested to explain the increased binding rate [104].

This has been predicted to occur by three main mechanisms: sliding, hopping and inter-

segmental transfer (Figure 2-16).

Intersegmental
transfer

Figure 2-16: Mechanisms of promoter location by RNAP. The RNAP is predicated to

utilise three mechanisms to help locate its promoter: Sliding which involves the

RNAP making non-specific contacts with the DNA and scanning; inter-segmental

transfer which takes advantage of the flexible nature of DNA to allow the RNAP to

transfer between two distant points through bends in the chain; hopping which

involves short transient contacts of the RNAP with DNA before disassociating and

rebinding at a new point.
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Sliding involves the 1-dimensional diffusion of the RNAP holoenzyme along the DNA
and has been observed with AFM by Bustamante et al. and Endo et al. as well as by
TIRFm by Harada et al. and by other single molecule methods [105-109]. There is a
possibility that the cRNAP is also able to transfer between positions due to looping of
the DNA chain bringing further regions closer, this is known as inter-segmental transfer.
The final mechanism is that of hopping, where the RNAP is able to make transient
contacts with DNA until its promoter is found, it should be noted that neither inter-
segmental transfer or hopping is yet to be confirmed for RNAP [110]. In recent years
the observations of 1D diffusion has been regarded as more of an artefact of the buffer
composition, reaction setup or concentration of protein [103]. It has been proposed
that cRNAP locates its promoter by 3D diffusion in vivo where protein concentration is
high [103, 111, 112]. oRNAP would therefore perform small 1D diffusion events that

do not dominate the promoter search.

Once the promoter has been located, the cRNAP binds and forms a closed promoter
complex (CPC) where the DNA is still double stranded and not yet in the active site
[113]. The RNAP holoenzyme then undergoes a process called isomerisation
summarised by Figure 2-17 [114].

ofactor = promoter sequence . scrunched DNA
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Free RNAP + DNA === Closed Complex (RPc) === Open Complex (RPo) == Abortive Initiation
Figure 2-17: Process of isomerisation. The RNAP holoenzyme binds the promoter.
A CPCis then formed and the DNA is slightly bent, this then develops into an OPC by
melting the DNA to form a transcription bubble and wrapping of the DNA around
the RNAP. The RNAP then undergoes abortive transcription and scrunching of the

DNA until it is able to escape it’s promoter [114].

Isomerisation involves the opening of ~ 13 bp of the DNA helix around the -10 element

to form a transcription bubble. The non-template strand is held by the groove formed
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by the B subunit and the sigma factor while the template strand is threaded through
the active site [115, 116]. This opening of the transcription bubble leads to the
displacement of the sigma factor region 1 from the active site, as was shown by
fluorescence/Forster resonance energy transfer (FRET) measurements by Mekler et al.
[117]. The isomerisation is not complete till the complex is stabilised into an open
promoter complex (OPC) by the binding of the jaw and clamp regions to the
downstream DNA [118]. Upon formation of an OPC, the DNA is wrapped around the
protein, leading to a bend in the DNA, this was first suggested by Dnase | footprinting
assays that showed that a larger region than expected, of ~90 bp, was protected against
enzymatic degradation [119-123]. This theory was confirmed by atomic force
microscopy (AFM) and magnetic tweezers measurements that were able to show that
compaction of the DNA occurred upon OPC formation of ~30 nm and that the DNA
displayed a distinct bend as is shown by Figure 2-18 indicating that the DNA is wrapped
through ~300° [124-129]. This wrapping was further confirmed by FRET experiments

by Sreenivasan et al. [130].

-70

+20

Figure 2-18: 3D model of the wrapping of DNA around RNAP holoenzyme. The
transcription start site is denoted as +1 and can be seen sitting at the active site.
The DNA is fully wrapped around the protein and the positions of the edge of
contact between the DNA and RNAP are shown [125].

Once a stable OPC has been formed the cRNAP undergoes a process of abortive
initiation which involves the production of small RNA products of 2-11 nucleotides (nt)
in length, but the cRNAP does not escape its promoter and enter elongation. This

process was believed to occur only on occasion but was shown by Hsu et al. to be a
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common occurrence at a number of promoters and the percentage of abortive cycles
was dependent on the promoter [131]. The NTPs enter into the OPC and a small
transcript is produced, while the leading edge and active site appeared to move
downstream but the trailing edge maintained its contacts. This was first believed to
occur either by inch-worming or transient excursions but both Kapandis and Revyankin
et al. in 2006 were able to show by the use of FRET that the RNAP did not move but
rather drew DNA into the active site, therefore expanding the size of the transcription
bubble by what was termed scrunching (Figure 2-17 final panel) [132, 133]. This was
further confirmed by Robb et al. also using FRET who showed that this scrunching
mechanism could be the cause of heterogeneity seen in transcriptional starts points
[116]. This scrunching leads to more DNA being held in the active site due to unwinding
of the DNA helix. The unwinding and compaction lead to stress, which causes an
increase in potential energy within the active site of the RNAP. This potential energy
may be the driving force for RNA release and abortive initiation or for promoter escape

and productive initiation [134].

The second stage of the transcription process is elongation. The RNAP escapes its
promoter and translocates along the DNA unwinding the helix downstream, forming a
8-9 bp DNA-RNA hybrid at the active site [135]. It is believed that the sigma factor may
be released as the RNA chain reaches 12-15 nt and the hybrid reaches 8-9bp [135].
There is some evidence that this may not be the case as Kapanadis et al. showed by
single molecule studies that the sigma factor may be retained in up to 90% of initial
elongating RNAPs and 60% of mature RNAPs. They were also able to show that this
release or retention was not RNA length dependent, leaving the question of how and
why the sigma factor may dissociate [136, 137]. The retention of the sigma factor has
also been noted by other groups, and its retention has been implicated in pausing
proximal to the promoter, especially at sites on the non-template strand that resemble
the -10 element and or are AT rich [137-140]. The release of the sigma factor leads to
its auto inhibition which is achieved by folding itself so it cannot bind DNA until it is
bound to a new RNAP [141]. If the sigma factor is released it can then be recycled so
that subsequent rounds of initiation can occur [135, 142, 143]. Within the cell RNAP is
found in excess, with amounts of RNAP increasing in response to stimuli such as

mitosis, stress and starvation by way of example [144]. Even though free RNAP is
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considered to be in relative excess, sigma factors are found to be in competition with
each other for binding to core enzyme [145]. This means that if the activity or
abundance of one sigma factor increases this has a knock on effect of transcription of

genes which are bound by other sigma factors [145].

The RNAP maintains the transcription bubble by using positively charged residues
located in the switch 2 region and negative residues in the switch 1 region to pull apart
the downstream DNA strands: re-annealing is prevented by the rudder [94]. The hybrid
length is maintained by fork loop 1, and the lid region located at the RNA chain exit site
prevents the nascent RNA from re-associating with the DNA (Figure 2-19) [94, 146,
147].

Upstream
DNA e
Flap tip . e

Figure 2-19: Cartoon of an elongating RNAP with a zoom of the active site shown.
Shown in the crystal structure zoom are the features of the protein involved in the
elongation process. The DNA is shown in blue with the template strand in dark
blue. The RNA is shown in red and the DNA-RNA hybrid can be seen between fork
loops 1 and 2 (green). The incoming NTP is shown in orange with the persistent
(metal A) and mobile (metal B) Mg?* ions shown in pink. The switch regions can be

seen in purple located at the downstream area of DNA [94].

The formation of the nascent RNA chain is a cyclic event starting with the uptake of an
NTP through the secondary channel. The NTP binds between the 3’ of the RNA, the

trigger loop and bridge helix of the protein. The insertion of the NTP causes the folding
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of the trigger loop which shifts the RNAP to a closed state, if an incorrect NTP is inserted
then the protein does not rearrange, biasing the equilibrium to the open state allowing
the incorrect NTP to dissociate [148, 149]. Addition of the NTP to the 3’ of the RNA is
performed by a nucleophilic substitution reaction, involving the persistent Mg?* ion
located in the active site and a mobile Mg?* brought in by the NTP [150]. After addition
of the NTP to the nascent chain, the RNAP is held in a pre-translocation state, a
pyrophosphate (PPi) is released and the bridge helix and trigger loop undergo further
rearrangement and a new NTP is allowed into the secondary channel. This leads to a
translocation step of one bp on the DNA. These rearrangements of the active site for
eukaryotic RNAP Il can be seen in a video created by Cheung et al. [151] elucidated by
structures obtained from X—ray crystallography and FRET experiments and a summary

of the cycle is shown in Figure 2-20 (left panel).
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Figure 2-20: Schematic of the elongation process with the nucleotide addition
shown on the left and the process of backtracking and reactivation shown in the

centre and the pausing and proofreading shown on the right. [94]

The nature of the translocation of RNAP has been shown to most likely occur by a
Brownian ratchet model which describes the translocation step as a thermally driven
movement that is believed to be rectified by the binding of the next NTP [152, 153].
The addition of an NTP to the RNA chain leaves the elongating complex (EC) in a state
of equilibrium between the pre and post translocation arrangements, the subsequent
NTP binding shifts this equilibrium towards the post-translocation position [154]. A
second theory exists known as the power-stroke model where the translocation is
directly linked to the step of NTP addition and the release of the PPi, but this model
has become less likely to be true with recent evidence from experimental work

reviewed by Dangkulwanich which shows that the movement of RNAP at low NTP
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concentration is affected by force, which in a power stoke model would not hold true

[152, 155-157].

As can be seen from the diagram shown in Figure 2-20 the EC also has “off-pathway”
states such as: Proofreading and backtracking. Certain sequences lead to
destabilisation of the DNA-RNA hybrid, this can then cause the EC to pause for a long
period of time (arresting) and backtrack from the +1 site [158, 159]. The EC can also
undergo short transient pauses and while translocating these can be caused by
sequence, lesions in the DNA, hairpin structures and mismatching of the NTP to the
template strand [160]. These pauses have been shown to be ubiquitous in vitro and in
vivo are believed to play a role in regulation of the elongation process and follow a

separate mechanism to that of backtracking [161-163].

Pauses that are due to a mismatch between the DNA template strand and the nascent
RNA occur in a two-step process. The incorporation of the incorrect NTP into the
nascent RNA leads to a lack of base pairing (fraying) at the terminal 3’ of the RNA due
to the unstable pairing in E.coli [164, 165]. In the case of RNAP Il mismatch causes a
slowing of incorporation of the next NTP, inducing cleavage by TFIIS. The frayed base
at +1 register leads to the pausing of the RNAP in E.coli. The RNAP then moves back a
single step inserting the frayed end into the +2 register which contains the
proofreading site [166]. Once at this site, a di-nucleotide is cleaved by the
endonucleolytic activity of RNAP, thereby allowing for the mismatched NTP to be

removed and transcription to continue [164, 166].

In the case of backtracking it was shown that the 3’ of the RNA transcript is released

and extruded through a pore beneath the active site which leads to trapping of the

trigger loop (Figure 2-21) [167].
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Figure 2-21: Depiction of a backtracked RNAP with GreB bound. The RNA is
extruded through the secondary channel and the RNAP is arrested until GreB is able

to cleave the RNA [94].

Backtracking can result from the same effects that cause pausing but can also be the
result of events such as collisions between an EC and other proteins bound to the DNA
such as the nucleosome or the Lac repressor [168]. Once in a backtracked state, the
RNAP is not able to re-activate elongation until it is rescued by other protein factors, in

bacteria these are GreA and GreB, TFIIS in eukaryotes and TFS in archaea [169].

The final step of transcription is termination. In bacteria there are two forms of
termination (Figure 2-23). Intrinsic termination involves the nascent RNA forming a

hairpin loop which is bound by the protein NusA, caused by the presence of an inverted
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repeat in the template DNA followed by a stretch of A nucleotides [170]. The long
stretch of A’s means that the DNA-RNA hybrid is destabilised and along with the hairpin
leads to release of the RNA transcript (Figure 2-22 A)[171, 172].

terminating
A. hairpin

AAAAAAA

uuvuuuuu

DNA

Figure 2-22: Diagrams of intrinsic and Rho dependant termination. A) Intrinsic
involves the formation of a hairpin followed by a long tract of adenosine residues in
the template strand. B) Rho dependant termination involves the recruitment of the

Rho protein by the rut sequence.

The second mechanism for termination is Rho-dependent termination (Figure 2-22 B).
This involves the Rho protein, which is a ring shaped ATPase motor which binds to a
specific sequence known as the Rho utilisation site (rut) [173]. The Rho protein moves
up the RNA transcript to the active site and disrupts the DNA-RNA hybrid while also

recruiting auxiliary proteins to aid in termination, NusA and NusG, leading to the

release of the transcript [174].
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2.3.3 Prokaryotic and eukaryotic gene organisation

The majority of regions of DNA that are transcribed are known as genes. A definition
of ageneis a portion or sequence of DNA that encodes for a known function or process.
The production of a functional element from a gene is referred to as expression. Many
genes contain certain shared elements such as promoter and terminator sequences.
The organisation of genes and their regulation differs between prokaryotes and
eukaryotes. Prokaryotic genes are often organised into operons which is a cluster of
genes with related or complementary function controlled by a single promoter as seen
in the Lac operon where the proteins required for the metabolism of lactose are
maintained in one operon [175, 176]. Contained within the operon are not just
structural genes but regulatory sequences such as the operator which is bound by a

regulatory factor (Figure 2-23).

lac Operon -
|<-—-— Regulatory sequences —»l <«—— Structural genes ——
|

DNA { !
/ Z
Operator (0) /

Promoter for /

Structural gene

regulatory gene Promoter for Structural gene for B-galactoside
(pi) structural genes (p;,)  for B-galactosidase transacetylase
Regulatory gene Structural gene
(1) codes for for B-galactoside
repressor protein permease

Figure 2-23: The E.coli lac operon. As can be seen, an operon contains the
sequence for a number of proteins under the control of a single promoter.

Structural proteins and the operator are also contained within the operon.

This structure allows for the quick adaptation to environmental factors [177]. The
transcription of an operon produces a polycistronic mRNA, which encodes the amino
acid sequence for each gene in the operon. As prokaryotes lack an enveloped nucleus,
translation can be directly linked to transcription, with each gene being translated from

a single polycistronic mRNA in a process referred to as translational coupling [178].
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Eukaryotes genes generally are not organised into operons but some cases have been

recorded [179]. Each gene tends to have its own promoter. Transcription occurs in the

nucleus of the cell and the RNAs produced undergo a number of processes before being

fully matured and exported into the cytoplasm in the case of protein coding genes. In

eukaryotes genes are often formed of introns and exons (Figure 2-24).

Gene
( Exon 1 Exon 2 Exon 3 \
Promoter,—4 | [ Intron1]| | |[ Intron 2| | \
( | I ] )
4 DNA "

Transcription

Splicing

) ) ) | mRNA

Figure 2-24: Diagram showing the organisation of a eukaryotic gene. The DNA
either side of the gene is shown in blue with the exons shown in green and introns
in orange. The start of the gene is shown by the promoter (red). Both the exons

and introns are transcribed and then introns are removed by splicing to provide a

processed mRNA.

Introns are non-coding sections of the gene. They are transcribed by RNAP but are

subsequently removed by the process of splicing before export of the mature mRNA

from the nucleus and cytoplasmic translation begins [180]. Introns originally were

originally thought of as “junk” DNA, not having a use, but have since been noted as

playing a number of roles in gene regulation, retro-transpositions and intron stability

[181].
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2.3.4 Orientation and gene pairs and nested genes

As promoters determine the coding and template strand during transcription they also
give directionality to genes. When a second or multiple promoters are in close
proximity to each other, the genes can be broken down into pairs or sets. These pairs

can be seen as having three different arrangements (Figure 2-25).

A.
Tandem

B.
Convergent

C.
Divergent

Figure 2-25: Diagram of different promoter arrangements. A) Tandem promoters
direct transcription in the same direction on the same strand of DNA. B) Convergent
promoters direct transcription towrads each other and are located on opposite
strands of the DNA. C) Diveregnt promoters direct transcription away from each

other and occur on the same strand of DNA.

In many cases where genes have promoters located in close proximity to each other,

genes overlap. Fukuda et al. analysed the genomes of 50 bacteria and found that the
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number of overlapping genes increased with size of the chromosome [182]. It was
found that 71.4% of overlapping genes were in a tandem orientation while convergent
and divergent genes represented 14.3% each [182]. These numbers represented
protein coding genes and it is expected that a much higher amount of overlapping
genes are present when including ncRNAs [183]. In eukaryotes overlapping genes are
also common. Veeramachaneni identified 2541 overlapping gene pairs in the human
and mouse genomes and Chen and Stein identified 3971 overlapping genes with 500
bp or less between transcription start sites in Caenorhabditis elegans (C.elegans) [184,
185]. One of the most common types of overlaps seen in eukaryotes is that of nested

genes.

A nested gene is a gene whose entire coding sequence lies within the boundaries of
another gene. Nested genes account for up to 75 % of overlapping genes in humans
and account for 4.3 % of the genome when including known ncRNAs [186, 187]. Nested
genes account for 2.7 % of protein coding genes in C.elegans and 6.1 % in Drosophila
melanogaster [185]. The first reported nested gene was the pupal cuticle protein
which is located on the opposite strand of an intron of the adenosine 3 protein gene in
Drosophila [188]. There are two types of nested: intronic nested genes (Figure 2-26 A)

and non-intronic (exonic) nested genes (Figure 2-26 B).

A) Host gene

Exon 1 Intron Exon 2 !
v [ 1
\ \

Promoter H

Nested gene
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B)

( |
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Nested gene

Figure 2-26: Schematic representation of nested genes. A) A gene lying within an
intron of another gene known as an intronic nested gene. B) A gene nested with

the coding region of another gene known as non-intronic or exonic nested gene.
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Intronic nested genes are the most common and only occur in eukaryotes as
prokaryotic genes do not contain introns. Genes can be nested in either a convergent
or tandem arrangement with Yu showing that the majority of nested genes in humans
had a convergent arrangement [186]. Host genes can also carry a number of nested
genes which can be arranged in both tandem and convergent orientations, as is seen
in the dunce locus in Drosophila which contains six nested genes spread over two

introns [189].

The occurrence of nested genes is not fully understood but it is believed that the
majority occur due to transposition events such as insertions, gene duplications and
the fusion of two genes [190]. The persistence of nested genes has been suggested to
occur by the “sheltered island theory” presented by Chen et al. [185]. This theory
suggests that if a gene is nested in a host gene that is essential then removal of such a

gene could be fatal to a cell and so the nested gene remains intact.

The biological relevance of nested genes has also not been elucidated. In bacteria
nesting of genes may help to ensure a compact genome but this would not hold true
in the case of eukaryotes as space is not at such a premium. Gibson et al. suggest that
nested genes may allow for the co-expression of related proteins but results presented
by Yu et al. suggested this is not the case as very few nested genes share similar
function with the host gene [186]. Evidence exists for the co-regulation of nested genes
as it was observed by both Yu et al. and Chen et al. that nested genes showed
correlated expression profiles [185, 186]. Yu et al. studied the expression of 45 nested
genes found in humans and found that 4 tandemly arranged and 29 convergently
arranged genes displayed a negative expression correlation while only 3 showed a
positive correlation and 9 had no effect on each other. This was reflected in the case
of C.elegans nested genes where Chen et al. noted that tandem arranged overlapping
genes displayed a highly positive correlation except when the gene was nested and

that convergently overlapping genes displayed a general negative correlation [185].
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2.3.5 Transcriptional interference and collisions

A consequence of nested and overlapping genes is the possibility of transcriptional
regulation via the process of transcription itself. This process is known as
transcriptional interference (TI). Tlis defined as the negative impact of a transcription
event by a secondary transcription event. It is therefore linked to genes which have
promoters in close proximity (less 600bp) as seen in some overlapping genes as well as
in nested genes. The mechanisms for Tl were outlined by Shearwin et al. (Figure 2-27)
[2]:
a) Promoter competition: This occurs when the occupation of one promoter by
RNAP inhibits the occupation of a second promoter
b) Sitting Duck (SD) interference: This can occur when an RNAP is slow to enter its
elongation phase and is struck and/or dislodged by an elongating complex (EC).
¢) Occlusion: An EC from one promoter blocks the binding to a second promoter
due to the EC blocking access to the promoter, therefore occluding the
promoter.
d) Collision: A collision between two ECs can lead to transcriptional arrest for one
or more of the ECs.
e) Roadblock: An RNAP bound to its promoter could be stuck by an EC and not be

dislodged therefore acting as a roadblock to transcription
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Figure 2-27: Possible mechanisms of Tl as predicted by Shearwin et al. [2].

This thesis aims to specifically study the outcomes of collisions between two actively
transcribing RNAP molecules either transcribing in a convergent or tandem orientation

and so investigations into the occurrence of collisions are discussed.
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Prescott and Proudfoot were among the first to suggest that collision events are a
major contributor to Tl [191]. They investigated the expression of the Gal7 and Gal10
genes in budding yeast by RNAP Il [191]. An expression vector containing two
promoters arranged in a convergent orientation without termination sequences
resulted in the down-regulation of both genes. As initiation events were unperturbed
and no down regulation was noted from RNA interference when the genes were
expressed on separate templates, it was reasoned that collision events between
actively transcribing RNAPs lead to termination of transcription [191]. Callen et al.
were able to show that in the case of a weak and strong promoter arranged in a
convergent orientation resulted in the removal of OPCs from the weak promoter
indicating that SD collisions were the most common form of Tl and that an OPC does
not act as a roadblock for another convergently transcribing RNAP [192]. This result
was further supported by results of modelling by Sneppen et al. [193]. Sneppen et al.
predicted that SD collisions are most likely between two promoters of differing
strength while EC-EC collisions were more likely between equal promoters. It was also
noted that the occurrence of EC-EC collisions increase as the distance between the two
promoters increases as there is expected to be a higher probability that the inter-
promoter region is occupied by two active RNAPs [193]. Investigations by Crampton et
al. using AFM to study convergent transcription from two A, promoters by E.coli RNAP
found that EC-EC collisions and EC-SD collisions resulted in shunting (large scale
backtracking) of one of the RNAPs and this was referred to as a SD collision but as
transcription is arrested it could be considered to be Tl via the roadblock mechanism
[3]. It was also seen that both RNAPs stalled and remained on the template but were
not in hard contact after collision events raising questions on the nature of stalling and
arrest of transcription [194]. The stability of collided complexes was also shown by
Hobson et al. for RNAP |1 [195]. After a collision between an EC and a stalled elongation
complex (SEC) ubiquitination was required to remove the RNAPs from the template
[195]. The results of Crampton et al. and Hobson et al. differ from those of Callen et
al. in that they indicate that an RNAP either as an SEC or OPC can act as a transcriptional
roadblock. Hobson also was able to show in cells unable to perform ubiquitination,
through the use of chromatin immunoprecipitation, that for convergent genes with an
inter-promoter separation of less than 400 bp collisions were common, indicated by
the high levels of RNAP present on the DNA (Figure 2-28). Terminal collisions have also
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been seen in bacteria as reported by Chatterjee et al. who studied the prgX/prgQ
operon which is involved in the transfer of antibiotic resistance plasmids [196] They
reported that both collisions and antisense RNAs play a role in providing a bi-stable
switch mechanism for controlling gene expression [196]. In the case of viral RNAPs Ma
et al. observed that collisions may be avoided by RNAPs passing each other [197]. This
is believed to be due to the temporary release of the non-template strand. This
mechanism is not expected for pro- and eukaryotic RNAPs as their size would not allow

passing even if release of the non-template strand was to occur.

In the case of tandemly orientated promoters, collisions are not considered to be as
common. A large number of genes in all organisms undergo simultaneous transcription
by RNAPs moving in tandem, as is seen by the Miller spreads of the E.coli and eukaryotic

rRNA genes (Figure 2-28).

il

Figure 2-28: Miller spread electron micrograph of E.coli rRNA 16s and 23s genes.
Below the micrograph is a schematic representation of RNAPs transcribing in

tandem [198].

Many of these examples involve multiple transcription events from a single promoter
leading to a high density of RNAPs on a single gene. In the case of transcription
originating from two separate tandem promoters it is believed that Tl is more likely to
occur through a process of occlusion. Even so, the occurrence of collisions between
RNAPs and roadblocks such as nucleoid proteins indicate that RNAPs are able to act in
a synergistic manner. This has been seen for both prokaryotic and eukaryotic RNAPs.

Jin et al. reported that two RNAP Il molecules were able to act co-operatively to
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overcome a nucleosome positioning element [199]. Saeki et al. showed that collisions
between a SEC and an EC resulted in backtracking of the trailing RNAP but in the case
of a paused leading RNAP I, the trailing RNAP Il was able to rescue the paused RNAP
and therefore acted to increase transcription rate [200]. Epstein and Nudler studied
multiple transcription events from a single promoter by E.coli RNAP and found that a
second RNAP can aid in the rescue of backtracked complexes with this rescue being
further aided by addition of ECs indicating that the co-operativity of ECs is cumulative
[201].

Not all cases of collisions between tandemly transcribing RNAPs results in co-operation.
Kubori et al. reported the formation of stalled inactive (moribund) complexes when
collisions occurred between two tandem transcribing RNAPs, reasoning that the
leading RNAP was able to expert a negative effect on the trailing RNAP [202]. This data
is in concurrence with findings by Ponnambolam and Busby who reported the
reduction in expression of a downstream promoter as well as production of a truncated
transcript from an upstream promoter when transcribed tandemly [203]. This
interference only occurred when the two promoters were located at a distance of 86
bp apart and was reasoned to be due to collisions between the two RNAPs leading to
premature termination of transcription.

In many of the studies presented here collision events are monitored between SECs
rather than between two actively transcribing RNAPs. Many studies also utilise
promoters that have differing strengths meaning that collisions are not the most likely
outcome. Work carried out by Crampton et al. addresses some of these issues but the
experiments performed lacked a competitive inhibitor in order to rule out non-specific
interactions as well as mainly investigating SEC-EC collisions [194]. This thesis aims to
investigate the outcomes of concurrent transcription from both convergent and
tandem gene arrangements using simplified gene models as presented in Chapter 4 for
E.coli RNAP. The outcomes of these transcription events is studied using AFM, which
is discussed in Chapter 3 to provide a single molecule view of the occurrence, type and

outcomes of collisions and Tl that may occur during concurrent transcription events.
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3 Introduction to AFM of DNA protein

complexes

3.1 Atomic force microscopy for investigating transcription

Atomic force microscopy (AFM) is a technique that is highly versatile and suited for the
study of biological samples. Many techniques do not allow the direct visualisation of
molecules as AFM does. Since the development of the first AFMs one of the most
commonly visualised biological molecules has been DNA. The versatility of AFM has
meant that not just the structure of DNA alone but also the interactions of DNA-binding
proteins and other molecules has been investigated as is shown by the wealth of
literature in these areas [204-211]. AFM can allow for the imaging of samples in
ambient conditions, allowing a snapshot of a process to be visualised in 3 dimensions
(3D), but can also be used in liquid to provide information on the dynamics of biological
processes. Moreover, with the development of high speed AFM techniques, there is
now the possibility to visualise dynamic processes not just with high spatial resolution

but with high temporal resolution as well [208, 212].

The study of DNA-protein interactions by AFM is aided by the relatively non-destructive
sample preparations. Unlike electron microscopy and other single molecule
techniques such as fluorescence based systems, AFM does not require the use of stains
or dyes which can alter the native state and function of DNA and associated proteins
[213]. Sample preparation for DNA and DNA-protein samples tend to be similar in
many studies meaning that a number of different systems can be studied easily [214-
216]. The focus of this thesis is the study of transcription and the outcomes of
concurrent transcription from multiple promoters. Transcription has three main stages
as already discussed and so AFM allows the study of each of these stages. Transcription
is an active process but it is possible to study the process at different stages, such as
OPC formation or post elongation, using AFM in ambient conditions in an ex situ
manner. Studies in liquid can provide insight into the dynamics of this process as a
whole but using AFM in ambient conditions it is possible
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to gain insight into the spatial arrangement of RNAP molecules and the DNA at certain
time points due to the ability of AFM to distinguish molecules through its high
resolution in the z axis and in the x/y axis. This means that molecules of different size
can be distinguished from each other. The single molecule nature of AFM means that
it is possible to study sub-populations of molecules that would normally be masked in

studies using bulk biochemical methods.

3.1.1 Scanning probe microscopy

The AFM is a type of instrument known as a scanning probe microscope (SPM). These
instruments utilise a probe which is mechanically moved with respect to a sample. The
interactions between the probe and the surface are recorded to allow for a 3D
representation of the surface to be constructed. The nature of the probe and the
interactions measured can mean that different properties as well as topography of the
surface can be mapped. The original SPM was the scanning tunneling microscope
(STM) developed by Binnig et al. in the 1980s [217]. The STM detects the tunneling
current between a sharp probe and the sample surface. Due to the exponential
dependence of the tunneling current on the tip-sample separation the device has high
sensitivity to changes in the surface topography. The main drawback of the STM is the
need for the sample to be electrically conductive. Even though atomic scale images of
DNA were obtained by Driscoll et al. on highly orientated pyrolytic graphite (HOPG) it
has been suggested that the use of HOPG as a surface substrate can lead to
misinterpretation of the DNA structure, due to HOPGs periodic structure, meaning that
reliable imaging of DNA or biological samples is not viable [218, 219]. This requirement
for conductive samples was one of the key drivers that led to the invention of the AFM
[220]. AFM utilises a flexible cantilever that is deflected by surface features and events
due to ubiquitous inter-molecular forces. The deflection is measured to provide a map
of the surface and its features, meaning any sample surface can be examined. AFM has
been shown to be highly sensitive with sub-molecular imaging being possible and can
be operated in either ambient conditions or in a liquid environment [221-225]. When
operated in liquid it is possible to study biological processes in a physiologically relevant

environment providing information on dynamics of DNA-protein interactions whereas
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studying samples in air bound to a surface provides more information on the

positioning of elements, such as binding proteins on the DNA [226].

3.1.2 AFM instrumentation

The key component of the AFM is the probe, which consists of a cantilever with an
integrated tip that interacts with the sample through short and long range forces that
are localized to the tip. Design of cantilevers vary but they are usually micro-fabricated
from silicon or silicon nitride. The most common designs are triangular (often used for
contact mode) and the “diving board” shape (mainly used in dynamic modes) (Figure
3-1). Cantilevers can have a range of spring constants typically from 0.01 to 100 Nm™!

[227]. The tip has a radius of curvature on the order of nanometers.

Top view

Side view

Springboard cantilever Triangular cantilever

Figure 3-1: Diagrams of the most common AFM probe designs. On the left is a
springboard design, often used for probes used in dynamic AFM modes. On the
right is the triangular design often used for contact mode imaging. On both the
dimensions referred to are highlighted, W is width, t is thickness and L is length.

The position of the tip in the top view is denoted by the circled cross.

The deflection or changes in the behavior of the cantilever are caused by forces arising
from the tip-surface interaction and so a sensitive detection method of changes in the
cantilever is needed. Original AFMs utilised an additional tip on the topside of the

cantilever to detect tunneling current changes upon deflection but it was found that
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this tunneling tip could exert forces on the cantilever distorting measurements [220].
The most commonly used method for detection currently is the optical lever method
developed by Meyer et al. [228]. This involves the focusing of a laser onto the backside
of the cantilever which is then reflected to an adjustable mirror which in turn reflects
the laser onto a quadrant photodiode array (see Figure 3-2 which provides a schematic

representation of typical AFM setup).

Photodiode 4 Laser

array Mirror /7% source
R
N\
N\

Cantilever

Piezoelectric
scanner (XYZ stage)

Figure 3-2: Schematic of basic sample scanning AFM setup. The scanner has the
outer tube used for x and y translation and an inner tube for z movement. This
arrangement is not true for all AFMs but many utilise a system based on similar
concepts. The sample is placed on the scanner and the tip is held on or near the
sample surface. The laser reflects off the cantilever backside and is reflected onto

the mirror. The mirror is then adjusted to centre the laser on the photodiode array.

The adjustable mirror is used to position the laser onto the centre of the photodiode
array. This means that changes in the cantilever lead to changes in the position of the
laser on the photodiode array therefore providing a measurement of the deflection of
the cantilever. The amplified deflection of the laser can provide a sensitivity of up to

0.01 nm [229, 230]. As the forces that act upon the tip are short range, the AFM must
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be able to accurately maintain a small tip to sample distance (control in the Z
dimension). There is also a requirement for accurate movement in the x and vy
directions in order to provide precise movement when moving and scanning over the
surface. The majority of AFMs achieve this precision by using piezo ceramic materials
[231]. These materials contract or expand when a voltage is applied to them [232].
Commonly used is a sample scanner in which the scanner has a piezoelectric tube
divided into four areas, as voltage is applied to each area X and Y movement is
achieved. Z movement is controlled by a second piezo tube. There is a number of
different AFM designs with piezo elements being organised differently, but many draw
on the same concepts to provide functionality. Some AFMs use a tip scanner which

involves the movement of the tip rather than the sample.

3.1.3 Forces in the AFM

Image contrast in AFM is provided by forces that occur between the tip and sample.
There are multiple forces that act on the tip leading to deflection of the cantilever
(these forces are reviewed in detail by Israelachvili [233]). The relationship between
force and deflection can be summarised by Hooke’s law:
F = —kx

where F is force, kis spring constant and x is displacement. The origin of the
interaction forces can be modelled most simply by the “Lennard-Jones” potential. The
model provides the relationship of interactions between to atoms or molecules when

brought into close proximity (Figure 3-3).
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Figure 3-3: Graphical representation of the Lennard-Jones potential. As the
separation between the tip and sample decreases it undergoes different forces. As
the separation decreases there is a slow change in potential due to attractive forces

such as Van der Waals forces acting on the probe. As the tip moves closer there is
steep rise in potential as the two molecules or atoms repel each other according to
the Pauli Exclusion Principle. Highlighted on the graph are the separations at which
the tip is operating in the attractive regime (blue arrow) and repulsive regime (red
arrow). Also highlighted is the separations where the tip is situated on the graph
when operated in different modes. Non-contact in purple and contact shown in
yellow. When operated in tapping mode the tip moves in and out of both these

regimes in one oscillation cycle (adapted from [234]).

As the separation between the tip and sample changes so does the potential energy.
At low separations there is sharp increase in potential as the atoms or molecules repel
each other due to the Pauli exclusion principle that states that two identical fermions
and therefore electrons cannot occupy the same space [235]. At larger separations
there is more gradual decrease in the potential which is due to Van der Waals forces
dominating the interaction. Van der Waals forces arise from the correlation of
neighboring atoms dipole moments. Van der Waals forces are relatively weak, always

attractive and act over distances from 0.2 to 10 nm.

55



Chapter 3: AFM of DNA and proteins

There is also adhesive forces acting between the tip and sample surface when imaging,
which are dominated by capillary force in ambient conditions [236]. When imaging in
ambient conditions a water layer can form on the substrate surface and on the probe.
If the substrate surface and probe are hydrophilic it is possible that a capillary neck can
form between the tip and surface [237-239]. These capillary forces can range from 10
nN to 100 nN and are dependent on tip radius, tip geometry, humidity and temperature
[223, 240, 241]. The effect of these capillary forces is not fully understood especially
when the AFM is operated in a dynamic mode. There has been number of attempts at
modelling the effects these forces have on tip sample interactions and image contrast

[242-244].

3.1.4 Imaging Modes

Originally AFMs were only able to operate in one mode, contact mode. This is still used
today but is generally not suitable for biological samples. In contact mode the tip is
held in constant contact with the surface and can be operated in two ways: constant
height and constant force. Constant height mode holds the tip at a constant average Z
position above the surface with no feedback systems. The cantilever is deflected by
surface features providing a topographical map of the surface. In constant height mode
rough samples can lead to high forces but provides a good vertical sensitivity. In order
to avoid these high forces a feedback loop can be used to maintain the tip deflection
or tip-sample force (constant force mode) by altering the height of the tip. The vertical
position of the tip provides a representation of the surface topography. In contact
mode there are large shear forces present due to the tracking of the tip on the surface.
These shear forces mean that soft samples, such as biological samples will be dislodged
or damaged by the tip. Early images of DNA were collected by contact mode imaging
but it was found that in ambient conditions capillary forces accentuated the effects of

shear forces making imaging difficult [245, 246].

This inability to image soft samples led to the development of tapping mode [247].
Tapping mode involves oscillating the cantilever at or near its resonance frequency
through the use a piezo element on the cantilever holder or by an oscillating magnetic

field with a magnetised cantilever. The tip is oscillated with an amplitude large enough
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to overcome adhesion forces (normally between 1-25 nm) and intermittently strikes
the surface. Upon striking the surface, energy is dissipated and the amplitude of the
oscillation decreases. The feedback loop works to ensure that the imaging amplitude
remains at a set value by altering the height of the tip. The amount the amplitude must
be modulated can be used to provide a topographic map of the surface. This mode of
operation can therefore be referred to as amplitude modulation (AM) AFM. This can
be an important distinction from using the term tapping and non-contact imaging as
the in AM AFM the amplitude setpoint can be set to image in different imaging regimes,
attractive or repulsive, and so the tip does not necessarily have to make any contact
with the surface (Figure 3-3) meaning that AM AFM covers both intermittent contact
imaging (tapping mode) and non-contact imaging. Imaging in different regimes can
provide different advantages and disadvantages and depends on the sample being
imaged [248]. It has also been shown that imaging in the repulsive regime with low
amplitude of oscillation can help overcome capillary forces, meaning that the tip is

more stable above the surface and provide better resolution images [221, 249-252].

Due to the intermittent nature of the tip sample contact, the shear forces are reduced
to sub nN values [250]. The low shear forces and minimal sample deformation by the
tip mean that AM AFM is good for imaging biological and soft samples. As the contrast
is provided by the energy dissipation at the end of each oscillation cycle it is possible
to map material properties such as adhesion and friction of some samples as well as
topography [253, 254]. This can be achieved by comparing the phase of the cantilever
to the phase of the drive frequency. A softer sample will lead to a greater damping of
the oscillation leading to greater phase lag than would be seen for a harder sample
[255, 256]. The phase and topography image can be collected simultaneously. In some
cases the phase image can allow for higher scan rates and lower forces to be used, as
well as the contrast helping to highlight features that may not be visible in the

topography [257].

3.1.5 High speed AFM

One of the major issues with AFM is the speed at which images can be collected

(reviewed in detail by Ando in [208]). The speed at which an AFM can operate is
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governed by a number of limitations. Inthe early 2000’s a number of new AFM designs
were reported with scanning speeds equivalent to video rate, in both contact and
tapping modes [212, 258-262]. In the case of tapping mode one of the major
limitations was the probe. As the probe has to oscillate through one cycle to collect
each pixel, the time this cycle takes limits the speed a pixel can be obtained. To
increase this cycle speed the resonance frequency of the cantilever had to be
increased, but this is difficult due to the increase in spring constant needed to achieve
high resonance frequency of the cantilever. This issue was overcome with the
development of much smaller cantilevers, that had resonant frequencies in the range
of MHz rather than KHz [208]. The development of small cantilevers went hand in hand
with the development of a more precise laser sources to ensure that the laser spot on
the cantilever was not too diffuse as well as the development of a RMS-DC converter
system that was capable of keeping up with the signal and information from these new
cantilevers. This was achieved by the development of an RMS-DC converter that was
capable of utilising half a wave to converter signal rather than the standard 5-6 waves
[208, 212]. The laser spot issue was remedied by the use of an objective lens based

system rather than the simple mirror system seen in many conventional AFMs [208].

Another factor that limits the speed of AFM is the movement of the scanner. The
scanner must be able to move in accordance with the speed of the tip oscillation and
be able to provide feedback at higher speeds, as well as not suffer from interference
from the oscillation of the cantilever. Ando et al. designed a scanner that had stacked
piezo elements with the X and Y piezo in one plane and the Z piezo in another allowing
for fast and smooth movement in X and Y while minimizing vibrations in the Z direction

(Figure 3-4) [208].
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Z-Piezo

e

Figure 3-4: Schematic of the stacked piezo scanner as developed by Ando. The
piezo elements are stacked on top of each other rather than using the conventional

tube arrangement in standard AFMs [212].

Presented here is one example of a high speed AFM developed by Ando et al, it is noted
though that a number of machines were developed around the same time by other
groups as well and now both the Ando machine as well as others, such as the Bruker

Fast Scan and Asylum Cypher are commercially available.

In the case of contact mode scanning, higher speeds were obtained through the use of
a micro resonator as the sample stage with a passive mechanical feedback loop to
maintain the average force over a timescale of one frame [261]. This allowed for frame
rates of around 70 frames/second to be achieved. This was further developed to
incorporate a tuning fork which the sample could be placed on and so vibrated at
higher speeds relative to the tip, thus providing a scan rate of around 1000 frame/

second [260].

The development of high speed AFMs has meant that it is possible to study dynamics
of biological processes in real time rather than using time lapse methods as well aiding
in the collection of large data sets over shorter time periods in ambient and liquid

studies.
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3.2 Imaging DNA and proteins

3.2.1 Imaging substrates

As AFM is a surface scanning technique, samples must be adsorbed onto a surface to
be imaged. The substrate used must conform to a number of criteria. The sensitive
nature of AFM means that the substrate must have a low surface roughness to ensure
that features of the sample are not occluded from the tip and so that samples can be
easily distinguished from the surface. Itis also necessary that the substrate has a strong
enough interaction with the sample so that the sample is readily adsorbed onto the
surface from solution and once adsorbed is held strongly enough that it will be

detected by the tip and not dislodged by the motion of the tip.

The most commonly used substrate in the case of DNA and proteins is mica [226, 229,
263]. Mica is the collective name of a number of silicate based minerals. Commonly
used in AFM is muscovite (ruby) mica. The chemical structure of muscovite mica is KAl;
(AISi3010) (OH) 2. Muscovite mica has a layered structure which is easily cleaved with
adhesive tape, to leave a near atomically flat and clean surface, making it an ideal

substrate for AFM studies (Figure 3-5)
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Imaged surface

Figure 3-5: Model of muscovite mica layered structure. The arrangement of the
silicate layers can be seen with the interchelating K* ions holding two layers
together. The top surface has a dashed line to indicate the surface imaged, the K*
ions are free to dissociate from the surface and form a counter ion cloud when mica

is submerged in solution.

In the case of DNA there is an issue due to the presence of potassium ions (K*) which
ionically bond together the mica layers. When freshly cleaved mica is immersed in
solution the K* ions dissociate from the lattice and form a counter ion cloud above the
surface leaving the mica surface with a net negative charge [264]. Due to the negative
charge of the DNA phosphate backbone there is no longer an attraction between the

DNA and mica meaning that very few DNA molecules are adsorbed onto the surface.

This effect can be overcome by introducing cations into the system, either in the buffer
the sample is deposited in or by pre-treating the mica, where, in the case of DNA,
divalent cations are preferred [265-267]. These cations replace the K* ions on the mica
surface leaving it positively charged and form a diffuse layer of positive ions above the

surface, neutralising the negative charge of the DNA phosphate backbone, thereby
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allowing the DNA to adsorb to the mica [268]. Pastre et al. modelled the binding of
DNA to the mica surface and proposed a model by which the counter ions bind the DNA
in staggered configuration, allowing the cations to be shared between the DNA and the

mica (Figure 3-6).

Yo ++ ++ ++

j=1 j=2 j=3 j=4 j=5 j=5 i=7 j=8
Mica

Figure 3-6: Counter ion correlation mediated between mica and DNA. Divalent
counter ions are shown in yellow and can be seen to bind on alternating sites on the
DNA and mica, therefore adopting a staggered arrangement. The vertical spacing
between two cations is shown as d and the spacing between binding sites of the

cations is shown by b.

Pastre et al. were also able to show that lateral diffusion of the DNA on the surface is
inhibited by frictional forces arising from the electrostatic interactions between the
two surfaces [269]. For the DNA to move laterally it requires the divalent cations to
jump from one position to the next, this jumping has a large energy barrier and so is

not likely to occur [268-270].

Different cations have been shown to allow for varying degrees of binding DNA. The
most effective are the divalent transition metal cations, especially Ni?*, Co?* and Zn?*
[265, 271]. Mg?*is also able to bind DNA to mica but due to the weak nature of its
binding is only useable in ambient imaging conditions. As shown by Hansma and Laney,
there is a critical ionic radius for binding of DNA to the mica of 0.82A [265]. These

transition metals have ionic radii below this value and so are able to fill the spaces
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above the mica’s hydroxyl groups, binding DNA tightly to the surface. In the case of
Mg?* the ionic radius is small enough but it has a much lower enthalpy of hydration in
comparison to the three transition metals. This low hydration enthalpy means that the
Mg?*is not able to form as strong bonds with the DNA or mica [265]. It is also noted
that transition metals are able to bind the major and minor grooves of DNA allowing
for tighter binding [272-274] whereas Mg?* binds the backbone through non-specific
electrostatic interactions which are much weaker. The strong binding cations can
result in changes to DNA conformation whereas Mg?* does not have as drastic effect.
In general for investigations in liquid Ni%* is the preferred ion for binding DNA and
proteins as it provides a tight and secure binding. In ambient conditions Mg?* is the

most common.

3.2.2 Preparation of samples

The methods of preparation for DNA and DNA-protein complexes for analysis by AFM
tend to follow a very similar process, with a few differences between preparation for
ambient and liquid imaging. A general flow diagram for sample preparation is provided
in Figure 3-7.

In air and liquid imaging
Cleave mica

|

Pre-treatment with divalent cation

1

Rinse with dH,0

y

Dry under N, flux

y

Dilute sample in appropriate buffer for imaging

v

In air imaging <—————— Deposit onto mica and incubate
Rinse with dH,0

v

Dry under weak N, flux > Image

Figure 3-7: Flow diagram of general sample prepartion for AFM imaging of DNA-

protein samples. The steps shown in red are not required and are optional steps
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depending on the smaple being imaged. Those steps shown in blue are used soley

for imaging in ambeint conditions.

The majority of proteins do not greatly affect the deposition kinetics of the DNA as long
as they are at relatively low concentrations (<50nM) [226]. A large number of proteins
readily adsorb to mica in a much broader range of buffers than DNA and as long as the
protein in question is pure (>80%) and free from such additives as BSA, large amounts
of detergent or highly charged molecules, then there is often no issue [215]. Deposition
of DNA onto the surface has been shown to occur in two stages. Firstly, the DNA must
transport to the surface, secondly the DNA must adsorb to the surface. Lang and
Coates were able to show by electron microscopy that diffusion dominated the process
of the DNA leaving solution in dilute solutions to reach the surface [275]. It was
proposed that the number of molecules at a given time bound to the surface was given
by the equation;

ne(t) _ [4D
no T

Ve

Where ng(t) is the number of molecules on the surface at time t, n, is the total
number of molecules in solution at t zero and D is the diffusion constant. This was
confirmed by Rivetti, who used AFM to show that for small aliquots of DNA on mica,
incubated for up to 30 minutes also obeyed the same behavior [276]. One important
consideration when using AFM is whether the surface population is representative of
the population in solution. Rivetti investigated the conformations adopted by DNA
when deposited onto a mica surface and observed two main modes of binding for DNA,
surface equilibrated and kinetically trapped (Figure 3-8) [277]. When the DNA is
kinetically trapped it is held by strong short range interactions. Once a segment of the
DNA is bound to the surface it is effectively pinned at these points leading to the
collapse of the rest of the DNA chain, providing a 2D projection of the DNA’s 3D

structure.
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A) Kinetic trapping

B) Surface equilibrated

Figure 3-8: Diagram depicting the two mechanisms by which DNA adsorbed to a
mica surface. A) shows the process of kinetic trapping, where the DNA lies on the
surface in a conformation that is a 2D projection of its 3D shape in solution. B) In

the case of surface equlibrated binding the DNA has some lateral movement

allowing it to lie on the surface in its lowest energy conformation.

Kinetic trapping is most often seen when the surface has been pre-treated with
transition metal divalent cations or they are present in deposition buffer, such as Ni%*,
as these provide the strong bonding interaction needed for the DNA to adopt this
conformation [278]. In the case of surface equilibration, the DNA is able to move
laterally on the surface to adopt its minimum energy conformation. Surface
equilibration occurs through weak long range interactions and is often adopted by DNA
when Mg?* is used in the deposition buffer [279]. It is possible to determine the mode
of binding by accessing the mean squared end-to-end distance ((R?)) which when the
DNAis in a trapped conformation is one third of that measured in an equilibrated state
[276, 280]. The different binding conformations can provide different advantages
depending on the system being studied. Kinetic trapping can provide an observation

of the solution conformations of molecules, whereas equilibrated enables a clearer
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view of the molecule, allowing for detailed analysis of contour lengths and bends in the

DNA to be accessed.

Recent studies have shown that it is possible for both binding conformations to occur
and that this can be fine-tuned. Billingsley et al. proposed that a mica surface pre-
treated with low levels of Ni?* has a patchy structure [281]. When short fragments of
DNA bind the surface they can show binding heterogeneity whether they fall in a Ni%*
patch or not [281]. Lee et al. used this finding to show that it is possible to alter the
strength of binding of DNA in liquid by increasing or decreasing the concentration of

Ni%*to pre-treat the mica surface [282].

Once the DNA has adsorbed to the surface, the sample is rinsed and dried for imaging
in ambient conditions. Typically this would not be the case if imaging in a liquid
environment. The incubation time is decided by weighing the number of molecules
absorbed to a surface against the formation of salt crystals which can form if slow
evaporation of the buffer occurs [215, 226, 229]. The sample is then rinsed to remove
any unbound molecules. Drying is then performed under a weak flux of gas such as
nitrogen to remove any bulk liquid from the surface and in some cases desiccated. In
some cases desiccation of the sample can also lead to the formation of salt crystals or

the condensation of DNA and is not always performed [211, 215, 216, 226].

In ambient conditions samples are imaged and contour lengths, bend angles and spatial
arrangements of DNA and proteins are analysable. There are a number of DNA tracing
software available and each has a number of advantages and disadvantages associated
with it, but hand traced measurements tend to be more suited for analysing DNA-
protein complexes as algorithms can have issues with height and direction changes in
the DNA when bound by proteins [283-287]. Both Sanchez-Savilla and Rivetti
performed in depth studies of the accuracy of DNA contour length measurements
giving a value of 0.29-0.33 nm per base pair for DNA fragments ranging from 500-4300
bp in length [288, 289]. The range of measurements was believed to be due to
transitions of the DNA from B to A form in certain deposition conditions, but are in
good agreement with X-ray crystallography data that gives a base pair rise of 0.33-0.44

nm for B-form DNA. It is also possible to analyse the volumes of objects such as
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proteins to provide insight into structure of multimeric proteins and binding events

[290].

Working in liquid does not offer the chance to perform in depth analysis of contour
lengths and structural relationship of proteins but provides real-time information on
binding and movement of proteins and DNA in physiologically relevant buffers. Studies
can be performed using a time lapse approach, altering reaction conditions to allow for
imaging. With the development of high speed AFM technology, time lapse
experiments are becoming less common. It should be noted though that association

and dissociation rates can be altered by surface and tip interactions [291, 292].

3.3 Studying transcription by AFM

The single molecule nature of AFM enables the study of sub-populations that are often
obscured by bulk methods, as previously mentioned. As each molecule is analysed
separately to then provide a distribution of data, it is often beneficial to divide
molecules in sub-categories or classes [215]. This can be done by looking at each
molecule and seeing whether it meets certain conditions in order to categorise. For
example, in the case of transcription the three stages can be visualised separately in
ambient conditions. The formation of OPCs can then be accessed by measuring the
spatial organisation of RNAPs, the wrapping of the DNA and the contraction of the DNA
[3, 126, 293]. Those that do not meet all these criteria can be classed as being bound
in a non-specific manner. OPCs can then be induced to form either elongated
complexes (ECs) or stalled elongated complexes (SECs) by introducing NTPs into the
reaction mix before deposition. In the case of SECs again the position of RNAPs on the
template can be analysed and complexes that display more RNAPs bound than
expected can be discounted or separately classed [124, 294], this can also be applied
to those complexes where the DNA contains a specific termination site. This
classification of molecules does mean that some information may be lost but at the
same time insight into specific outcomes can be garnered. This method of classing
complexes allowed Billingsley and Crampton to specifically study the outcomes of
transcriptional collisions from convergent promoters, specifically focusing on those

complexes that had two RNAPs bound after elongation [4, 5, 194]. In liquid such
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processes like the promoter search undertaken by RNAP can be studied, with
information on the mechanism utilised and rates of association and dissociation being
obtained [295, 296]. The process of active elongation can also be studied allowing for

translocation events to be studied for a single RNAP [124, 297, 298].

3.3.1 Practical considerations for studying biological samples by AFM

Both ex situ (ambient) and in situ (liquid) imaging have a number of practicalities that
have to be considered. Even though preparation of transcription reactions is relatively
simple and often similar in many studies, the process can be inconsistent at times [215,
216, 226, 299]. Due to this the introduction of new species into a reaction mix are
often avoided, especially for molecules that can form aggregates or have high charge
density as these can alter the binding behavior of complexes. This has led to many AFM
studies of transcription not including non-specific binding inhibitors such as heparin,
heparan sulphate (HS) (discussed in detail in Chapter 6) or bovine serum albumin (BSA),
meaning that many complexes seen must be discounted. This factor is a part of the

motivation behind studies presented in this thesis.

Another issue that is common in AFM studies of DNA and proteins is that of tip
convolution, i.e. probe broadening effect. This is an effect that occurs when features
have a size smaller than the radius of curvature of the AFM tip. The effect leads to an
increase in the size of features seen, due to the cantilever being deflected upwards

before the lowest point of the tip reaches the sample (Figure 3-9).
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Figure 3-9: Diagram showing the effect of tip convoltion on imaged sample size.
The tip and sampe are modelled as spheres. The diamter (2R;) of the sample and
the radius of the tip (Rr) mean that the tip senses the sample before it reaches the
apex of the tip. This leads to the tip being defelcted and so gives an image that is

broader than the actual size of the sample.

This amount of broadening can be given by the equation;

Ry = 2,/RrRs

Where R, is the observed radius, Ry is the tip radius and Rs is the radius of the sample.
This effect means that the study of multiple proteins can be difficult if in close proximity
or close in molecular weights as they may not be distinguishable. To overcome such
issues, the combining of AFM with fluorescence based microscopy has been developed.
Examples include the combination of total internal reflection microscopy (TIRFm),
forester resonance energy transfer (FRET) and confocal microscopy, allowing two
proteins to be distinguished as well as giving better time resolution [300]. An example
of which is shown by Sanchez et al. who investigated Rad54 and Rad51 interactions on
DNA [301, 302]. Another tip induced issue is that of sample deformation, even though
forces are low it has been reported that DNA and proteins on the surface are not their

expected heights with DNA often having a height of 0.2-0.6 nm even though its
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diameter is 2nm [303, 304]. These effects can hinder volumetric measurements, but
Fuentes-Perez et al. were able to demonstrate a method of using dsDNA as fiducial
marker for calibrating volume measurements [290]. Methods for correcting for these
anomalies using models of the tip geometry and interactions with the water layer have

also been used [305, 306].

When imaging in situ there is a need to ensure that the DNA is mobile enough for the
RNAP or protein to associate and bind tight enough to the support surface to allow
imaging. Some groups have achieved this by using liquid cells that allow for the
exchange of buffers, using a transcription buffer to allow the DNA to be only partly
bound enabling binding of RNAP, then exchanging for an imaging buffer to secure
complexes to the surface [279]. In recent years there has been the development of
novel approaches to this issue. DNA origami developed by Rothemund [307] has found
a number of uses, one of which is its use as a platform for DNA templates and proteins
in AFM studies [308]. DNA origami is a method for forming 3D structures by utilising a
long ssDNA folded and held in a specific shape by smaller single stranded “staple”
strands [307]. It can be used to form either a platform where DNA can be attached,
meaning the DNA is held in place while not being tightly bound to the support surface
as was shown by Endo et al. when investigating T7 RNAP [105]. DNA origami can also
be used to make DNA “frames” (Figure 3-10) where a void is left in the centre allowing
for a DNA fragment to be bound across this void. This method was used by Yamamoto

et al. to investigate the binding of the proteins Sox 2 and Pax 6 [309]
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Figure 3-10 : Diagram and AFM image of a DNA origami frame. A) Shown is the
computer design of the origami frame with the void empty. The DNA template
strands to bind to the frame are shown in red and orange. These attach via single
stranded regions at the end of the DNA. B) A schematic diagram of the frame with
the template DNAs bound in the void is shown, alongside an AFM image of the
frame with a protein bound. A notch is left at one corner of the DNA origami
(highlighted by orange triangle) so the orientation of the tile can be discerned when

imaging ( adapted from [309])

The use of frames and tiles is still a relatively new approach but provides opportunity
when combined with high speed AFM for an increase in events of protein binding and
translocation analysable in real time. Thomson et al. also utilised a method that
involved the functionalisation of a gold surface with alkane thiols [297]. Some of these
alkane thiols were able to bind to poly histidine-tagged RNAP molecules, allowing for
the protein to be orientated on the surface. It was shown using a single stranded DNA
template that the RNAP was active on the surface but the RNA transcript could not be
imaged directly under liquid. This method may be an option to utilise with high speed

AFM for imaging of immobilised RNAP during transcription of dsDNA templates.
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3.3.2 Previous AFM studies of transcription

Some of the first studies of transcription by AFM visualised the promoter search
mechanism. Guthold and Bustamante used in situ imaging to observe the rates of
oRNAP movement when undergoing a promoter search [106, 295]. Guthold used a
promoter-less DNA template and time-lapse imaging to observe the cRNAP sliding on
the template [295, 296]. This sliding displayed a diffusion distance proportional to the
square root of time [296]. This indicated that cRNAP undergoes a 1D diffusion on the
DNA. Bustamante also used time lapse imaging and was able to observe the cRNAP
undergoing what was believed to be hopping and intersegmental transfer as well as
sliding [106]. This behavior of the RNAP was later confirmed by Suzuki et al. who used
high speed AFM to visualise these events in real time also seeing a combination of

sliding, hopping and intersegmental transfer [310].

The formation of OPCs by ex situ AFM has been investigated for the E.coli 6’°RNAP as
well as for the 6>*RNAP. In the case of the 6’ RNAP both Rees et al. and Rivetti et al.
noted that complexes often adopted a bent shape [124, 126]. The bend angle of the
DNA template (Figure 3-11) was measured and it was found that in the case of the Ap,
promoter the DNA had a mean bend angle of 54° while for the Apr promoter the bend

angle was between 55° and 88° [124, 126]

Bend angle (0)

Figure 3-11: Schematic respsenation of the wrapping of DNA around RNAP. The
DNA is shown in red, wrapped by a full turn around the RNAP (blue). The total
length of wrapping corresponeded to approximatly 90 bp (30nm). The angle

measured is shown as the bend angle (0). Adapted from [4].
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Rivetti et al. also showed that the contour length of the DNA decreased by ~30 nm
which is equivalent to 90 bp, combined with the bending of the DNA it was concluded
that the DNA wraps the o’°RNAP with this outcome being supported by DNA
footprinting data and FRET based studies [311, 312]. Studies by Cellai et al. were able
to show that this wrapping was mediated by the a-subunits carboxyl terminal domain:
with sequential removal of this domain the degree of wrapping decreased [129]. This
idea was previously suggested by Mangiarotti et al. when investigating the binding and
wrapping of two different promoters in close proximity indicating that closely spaced
promoters can be linked and that the a-subunits contact with the UP-elements of a
promoter play a role in forming fully wrapped complexes [127]. Doniselli et al. showed
that wrapping is also affected by the stringent response modulator of E.coli guanosine
tetraphosphate (ppGpp) [313]. It was shown that the ppGpp was able to allosterically
prevent conformational changes that lead to stabilisation of the OPC. Ex situ imaging
of a DNA template containing multiple fis promoters by Gerganova et al. revealed that
the binding of one ocRNAP at its promoter site can encourage or hinder the binding of
subsequent RNAPs, believed to be due to changes in topology of the template upon

OPC formation [314].

For 0>*RNAP the formation of OPCs was shown to go through an intermediate stage,
where the RNAP binds its promoter and loops the DNA to form contacts with an
auxiliary factor NtrC, allowing for the activator to also interact with the promoter
element [315, 316]. Bending of the DNA was also observed with two distinct bend
angles being seen for CPCs and OPCs. A bend angle of ~49° was recorded for CPCs and
~114° for OPCs [316].

Elongation has been visualised by time lapse imaging in situ by Kasas et al. and Guthold
et al, using low NTP concentrations to limit the rate of elongation [296, 298]. Kasas
deposited SECs onto a mica surface before adding NTPs to the reaction buffer. The
arms of the DNA were seen to increase and decrease respectively either side of the
RNAP in the direction determined by the promoter, indicating that the DNA was being
threaded through the RNAP. A rate of elongation of 0.5 — 2 nt st was recorded. RNA
transcripts could not be visualised but activity was confirmed by using ssDNA template

73



Chapter 3: AFM of DNA and proteins
to induce rolling circle transcription at the surface in liquid, before drying the sample
and visualising the RNA transcripts. Guthold et al. performed similar experiments and

recorded a rate of 1.5 + 0.8 nt s1[296].

The use of high speed AFM allowed Suzuki et al. to visualise all three stages of the
transcription cycle for E.coli RNAP [310]. In these experiments it was found that the
RNAP had an elongation rate of up to 15 nt s'* which is relatively similar to rates seen

in some biochemical and biophysical experiments [317]. The DNA was again seen to

be pulled through the RNAP (Figure 3-12).

Figure 3-12: AFM scans of an elongating RNAP collected by Suzuki et al. using high
speed AFM. The time of each frame is given at the top of each image. The RNAP
can be seen to feed the DNA through in a unidirectional fashion after the addition

of NTPs, indicating that elongation is occuring [310].

Endo et al. were able to use an origami tile to attach the template to (Figure 3-13) and
then visualised the stages of the transcription for T7 RNAP [105]. In this experiment,
the elongation rate was not measurable due to the DNA making transient contacts with
mica, but RNA products were occasionally seen during in situ imaging and also made
more visible by the use of a biotinylated UTP which was then labelled with streptavidin,

meaning that activity for the specific dsDNA template could be directly confirmed.
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Figure 3-13: Computer drawn schematic of a DNA template attached to an origami
tile, as was used by Endo et al. The tile is shown in green with tethering points for

the template DNA (blue and red helix) shown by the blue and red squaures [105].

Ex situ imaging of ECs and SECs has also provided information on structural elements
of the process. Rees et al. saw that SECs formed by the omission of specific NTPs, had
a bend angle larger than that seen for OPCs and this was concluded to be due to loss
of contact of the DNA with RNAP and reduced wrapping [124]. This was later confirmed
by Rivetti et al. who noted that the compaction of the DNA in a SEC was reduced to
~22nm and by Billingsley et al. who noted a reduction of ~¥13 nm for SECs [4, 294]. Both
Rivetti et al. and Billingsley et al. were also able to visualise the RNA transcript. In both
cases it was seen that the RNA exited the RNAP at angle of 140° from the DNA on the

opposing side to the template (Figure 3-14).

I
RNA 1
e, o
: 62 Downstream
DNA

140&

Upstream

DNA

Figure 3-14: Diagram of the arrangement of the DNA template and RNA transcript in
an SEC. The bend angle of the DNA can be seen to have an averge value of 62° with
the RNA exiting from the RNAP at an angle of 140° from the upsteam arm of the
DNA.

Billingsley et al. also investigated transcription by E.coli RNAP from two identical

promoters [4]. This allowed the outcomes of simultaneous transcription from two

75



Chapter 3: AFM of DNA and proteins

promoters to be studied. It was found for convergent promoters that the RNAPs stalled
in close proximity and remained on the template, which was in agreement with
observations by Crampton et al. and biochemical studies of RNAPII by Hobson et al. [3,
4, 318]. Through the use of nucleotide base labelling system, it was possible to show
that there were two main outcomes of convergent transcription [5]. Collisions which
resulted in one of the RNAPs being pushed back by the other RNAP. This is thought to
be the consequence of a collision where one RNAP has failed to commence elongation,
alternatively collisions occurred between two active RNAPs resulted in stalled
complexes in the region between the two promoters. In the case of tandemly aligned
promoters, a label was not used but it was seen that the RNAPs did not reach the end
of the template DNA, but stalled in close proximity downstream of both promoters,

indicating that the two RNAPs are able to allosterically regulate each other [4].

Multiple RNAPs and RNAP interactions with other proteins have also been investigated
by AFM. Ebenstein et al. used combined AFM and fluorescence microscopy to
distinguish the binding of T7 and E.coli RNAPs labelled with quantum dots, to the T7
genome [319]. This provided a new outlook for further developing combined
techniques for investigations into transcription by AFM. Horn et al. explored RNAP I
interactions with nucleosomal proteins [320]. They were able to show through the
analysis of height and volume, that when the RNAP transcribed into the nucleosomal
proteins the DNA was looped to allow for passing of the RNAP and that the
nucleosomal proteins underwent disassembly and rearrangement. This work further
confirmed experiments performed by Bintu et al. who also investigated these events

by AFM [321].

Investigations by AFM into termination of transcription have not been common. In the
studies by Suzuki et al. and Endo et al., the RNAPs were just reported as dissociating
from the templates. Limanskaya and Limanskii imaged T7 RNAPs interacting with
termination sites at a reduced reaction temperature of 31°C [322]. This reduced
temperature was shown to diminish the disassociation rate of the RNAPs from the
template. A number of RNAPs were seen at the terminator sites indicating that
multiple rounds of transcription had occurred. It was also seen that some complexes

displayed RNAPs at the terminator, at the promoter and bound between the two. This
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shows that it is possible for RNAPs to initiate transcription as soon as the promoter has
been cleared by the previous RNAP, explaining the high rates of transcription seen in
vivo. Kotlajick et al. observed Rho-dependent termination and the role H-NS plays by
imaging RNAP interactions with H-NS filaments formed on the DNA template [323].
They were able to show that bridged H-NS filaments were able to cause pausing and
backtracking of the RNAP. This was seen to occur due to the bridged filaments
surrounding the RNAP causing extended pauses which allow for Rho protein action.
They suggested that the results promote a theory that transcription driven

supercoiling, when constrained by the H-NS protein leads to pausing.

As it can be seen by previous studies, AFM provides a high resolution technique that is
able to distinguish between DNA and RNAP. The ability to recognize different time
points within the transcription process mean that AFM is well suited to the study of
concurrent transcription. By recording contour lengths of the DNA and position of
RNAPs to a high accuracy, it is possible to recognize those RNAPs that have formed
OPCs as well as study the final resting positions after elongation. This means that it is
possible to observe the outcomes of collisions and stalling in concurrent transcription
systems. In air the stages of transcription are studied by averaging over a large set of
molecules providing both a view of subsets of molecules during OPC formation and
after elongation. When operated in liquid either by time lapse methods or at high
speed, it is possible to gain real time information on the kinetics and interactions
between RNAPs. Other single molecule techniques do not allow for accurate mapping

of RNAP position on the DNA for small sub-populations of molecules.
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4 General Methods

4.1 Introduction

AFM is a direct imaging technique that can investigate the nature of the interactions of
the DNA template and RNAP at different stages throughout the transcription process
providing a high degree of accuracy on the spatial arrangement of DNA and proteins
[126, 294]. The single molecule nature of AFM provides a different outlook to these
systems compared with traditional biochemical methods that usually look at outcomes
of events on a bulk scale [213]. AFM allows study of individual outcomes of
transcription events and to use each outcome to provide a distribution of results. The
AFM probe is sensitive to all features on a surface, because it detects force, and
therefore it is important that samples be free of any contaminates that can lead to
misinterpretation of data. It is also important that biomolecular samples are securely
attached to the support surface due to forces and interactions between the tip and
sample that could lead to alterations of complexes. The surface binding must be carried
out in a manner that is representative of the complexes formed in solution to provide
an accurate interpretation of data [227, 283]. Upon binding to the surface, complexes
provide a 2D representation of the 3D structure in solution. This means that in order
to study the position of proteins bound to a DNA template, the complexes must be in
a conformation that allows for visualisation of the DNA ends and the contour of the
DNA backbone. This means that surface bound complexes may not be bound as they
occur in solution, but in a manner that allows for interpretation of the 3D organisation

of complexes on a 2D surface.

This chapter offers a general overview of the generic techniques and methods used for
the preparation of samples that were subsequently imaged using the AFM and begins
with the molecular biology techniques used throughout to produce and prepare DNA
samples. These samples were subsequently used for in vitro transcription reactions.
The methods for these are described along with the process for sample deposition,
AFM imaging and data analysis are presented. Subsequent chapters will present

methods specific to the experiments in those chapters in more detail.
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4.2 Preparation of DNA constructs

4.2.1 Transcription templates

DNA constructs used throughout this thesis were generated from either of two
plasmids containing two transcriptional promoter elements. These plasmids were
pDSU, which contained two convergent A, promoters and pDSP which contained two
Aor promoters in a tandem arrangement (Figure 4-1). The A, promoter is a promoter
from bacteriophage A and is able to direct 6’° mediated transcription by E.coli RNAP
and has the sequence:

> ACCTCTGGCGGTGATAATGGTTGCATGTACTAAGGAGGTTG ¥

The transcriptional start point is marked by the nucleotide shown in red [324, 325].

pDsSU pDSP

6136 bp 6136 bp

’r Pr " Pr

Pr Pr

Figure 4-1: Diagrams of the plasmids pDSU and pDSP. Both plasmids are shown
with the number of base pairs that make up each plasmid and the positions of the

Apr promoter position and direction of transcription are indicated by the red arrows

Five different templates were produced by polymerase chain reaction (PCR). These
consisted of a template 1144 bp in size and a template 2521 bp produced from both
pDSU and pDSP to provide templates with convergent and tandem promoter
arrangements. A template of 602 bp was also produced from pDSP containing only a
single promoter. Each of these templates has different numbers of base pairs either
side of the promoter or promoters while having the same number of base pairs, 338

bp, between the two promoters when applicable.
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Figure 4-2: Schematics of the templates used. A and B are the 1144 bp templates

with convergent and tandem promoters. C and D are the 2521 bp templates with

convergent and tandem promoters. E is the 602 bp template derived from pDSP
with a single promoter. Each template has the promoters indicated by the red

boxes with arrows to indicate the direction of transcription. The lengths of each

section are given from the transcription start point in bps.
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The asymmetric lengths of the arms allows for the templates orientation to be
determined under AFM analysis when open promoter complexes (OPCs) have been
formed. The arms of each template are measured from the transcriptional start site of

each promoter.

4.2.2 Polymerase chain reaction

A number of different DNA templates were used in this thesis. These templates of DNA
were produced using a method known as the Polymerase Chain Reaction (PCR). PCR is
common microbiology technique being used in a number of fields such as forensics to
phenotyping [326]. The discoverer of the method, Kary Mullis in the 1983 was awarded
the Nobel Prize due to its importance and usefulness [327, 328]. The process is able to
take a single double stranded DNA (dsDNA) molecule and produce a huge number of
copies of the whole molecule or a region of interest in a test tube using a relatively
simple procedure by mimicking DNA replication that occurs in nature [329]. The major
development of PCR since its discovery is the use of thermostable Tag DNA
polymerases by Saiki in 1988 [330, 331]. Found in bacteria populating hot thermal
springs, the Tag polymerase is able to withstand higher temperatures making the PCR
process more efficient and simpler as it could be run in a single reaction vessel [330].
Initially the process involved the use E.coli DNA polymerase which denatured during

the heating steps and therefore needed replacing after each cycle [332, 333].
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Figure 4-3: Diagram detailing the steps involved in a PCR. The dsDNA is shown as
two strands in orange and blue, with the target sequence shown in hatched yellow.
The parent strand is denatured and the forward and reverse primers anneal
(hybridise) to their complementary sequences. Once annealed DNA pol produces a
complementary strand of DNA in the 5’-3’ direction. The steps of denaturation,
annealing and elongation are then cycled to allow for exponential increase in the

target DNA.

A PCR reaction using a heat stable Tag polymerase begins by mixing a small amount of
dsDNA to act as a parent molecule (shown by orange and blue boxes in Figure 4-3), Tag
polymerase, the four deoxynucleotide triphosphate (ANTPs) monomers and two short
oligonucleotide sequences referred to as primers, in a stabilising buffer containing a
divalent ion (usually Mg?*). The reaction mix is initially heated to a high temperature
to denature the parent DNA into two separate strands (sense and anti-sense) as is
shown in the first step of Figure 4-3. There also maybe a prior high temperature
heating step if using a hot-start Tag polymerase which is conjugated to an antibody to
prevent activity until heated [334]. The denaturation into two single stands allows for
the primers to hybridise to their complementary sequences. One primer hybridises to
the 3’ end of the target sequence on the sense strand (shown by the blue arrow in
Figure 4-3) acting as the reverse primer and the other binds to the 3’ of the anti-sense
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strand acting as a forward primer (red arrow in Figure 4-3). The sequence between the
two primers is the target sequence to be amplified. The annealing of the primers is
driven by cooling the reaction mix to a temperature 3-5°C below the melting
temperature of the primers. The temperature has to be carefully selected to allow for
stable but specific binding of the target and is dependent on the primers and their
sequence. Once the primers have hybridised, the temperature is raised to allow the
DNA polymerase to produce a complementary strand of DNA in a 5’ to 3’ direction
using the primer to direct the production as is shown in the third step of Figure 4-3 by
the hatched arrows [330]. For Taq polymerase the optimum temperature is 75-80°C
but a temperature of 72°C is used for standard Tag polymerase, but this is dependent
on the specific Tag being used as these can vary between manufactures [332, 335, 336].
The three steps of denaturation, hybridisation and elongation are cycled between 20-
40 cycles to allow exponential amplification of the target DNA. A final extended

elongation step is used to ensure completion of all complementary strand synthesis.

This process enables the amplification of DNA targets of interest to a high
concentration that can be used in subsequent protocols and reactions. Throughout
this thesis DNA templates were produced using GoTaq Hot Start Polymerase (Promega,
Madison, WI) in 50uL reactions as per the manufacturer’s instructions unless stated
otherwise. The use of alternative PCR reagents and protocols is given in more detail in

subsequent chapters.

4.2.3 Gel electrophoresis

Gel electrophoresis is a routine technique that can provide a rapid method for checking
the outcome of PCRs and other enzymatic reactions such as restriction digests and
ligations. The method provides a rapid sizing of all DNA fragments within a reaction

mix.

Gel electrophoresis utilises a gel substance such as agarose or polyacrylamide to form
a matrix [337]. This matrix acts as a molecular sieve to separate out molecules of
different size. Smaller molecules move quicker through the gel than larger molecules

meaning they can be separated from each other by size [338]. When placed in an
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electric field the negative charge of the phosphate back bone means the DNA is
attracted to the positive electrode and migrates through the gel [337, 338]. The gel is
submerged in a buffer that can keep the pH stable as well as provide an ionic field when
a current is applied. Fragments can be visualised after separation by casting the gel
with an interchelator, post-staining the gel or loading samples with an interchelating
agent. Interchelators are able to stack between the base pairs of the DNA double helix.
The selected interchelators show fluorescence under UV-B light [339]. This enables the
visualisation of the DNA within the gel as defined bands which can then subsequently
be imaged using a camera. Run alongside the test samples is set of DNA fragments of
known size, known as a DNA ladder[340]. These fragments allow for reference markers

for determining the size of samples [340].

Gels used were formed by dissolving 1 g of agarose in 100 ml Tris-acetate EDTA (TAE)
buffer to give final concentration of 1% (w/v) agarose. 50 ml of the still warm gel was
poured into a BioRad mini (BioRad, Hercules CA) gel tank gel tray (5 cm x 5 cm) and if
used, 1uL of ethidium bromide at a concentration of 10mg/ml was added and mixed
into the gel. The gels were left to set before being submerged in TAE buffer up to 1-
2mm over the top of the gel. DNA samples were mixed with either blue/orange gel
loading dye (Promega, Madison WI) or GelRed loading dye (Biotium, Hayward, CA)
using 1 part loading dye and 5 parts sample. These loading buffers contained glycerol
to ensure samples settled in the wells. The loading buffers also contained dye to allow
tracking of the migration of samples. The tank was then sealed and a constant voltage
of 80 V was applied to the gel. Once the loading dye had migrated through 70% of the
gel, it was removed from the tank and visualised using an InGenius gel documentation

system (Sygene, Cambridge UK).

In order to study RNA transcripts produced formaldehyde agarose gels were used.
Formaldehyde was chosen due to its denaturing effects on single stranded RNA, which
is able to readily form secondary structures which may lead to it not running uniformly
through the gel. To form a 1.5% gel, 1.5% (w/v) agarose was dissolved into
formaldehyde agarose gel buffer (for 10x buffer, 200mM 3-[N-morpholino]
propanesulfonic acid, 50mM sodium acetate, 10mM EDTA, pH 7) heated and cooled
and then 37% (v/v) formaldehyde was added along with 0.01mg of ethidium bromide
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or GelRed (Biotium, Hayward CA). The gel was then left to set in a BioRad mini gel
casting tray (5 cm x 5 cm). Once set, the gel was placed into a tank and submerged in
formaldehyde gel running buffer (for 1 liter of 1x buffer, 100ml 10x Formaldehyde
agarose gel buffer, 20ml 37% (v/v) formaldehyde, 880m| RNase-free water). Samples
to be analysed were then mixed with RNA sample loading buffer (Sigma Aldrich, St
Louis MO) and heated to 65°C and chilled on ice before being loaded onto the gel. The
gel was then run at a constant voltage of 50V until the marker dye within the loading
buffer had migrated through 70% of the gel. The gel was then visualised using the

InGenius gel documentation system (Syngene, Cambridge UK).

4.2.4 Column purification

For analysis by AFM, DNA samples must be of high purity. Due to the sensitive nature
of AFM, impurities from any reactions, enzymatic or PCR, must be removed in order
that they do not obscure objects of interest. The DNA must be suspended in a solution
that does not have any salts or other compounds that may affect adsorption of the
DNA and protein complexes to the AFM support surface, as well as not affecting
function of the protein in subsequent reactions. DNA throughout was purifed using
one of two purification systems depending on the source material. For PCR and
enzymatic reactions DNA species of a single size were purified using Qiagen’s QlAquick
PCR purification kit (Qiagen Valencia CA). This system removes proteins, nucleotides
and DNA shorter than 100bp [341]. For fragments of differing size which were
separated on an agarose gel, the Qiagen QlAquick Gel extraction kit was used. This
involves an additional step to solubilise and remove agarose from the sample after
excision of DNA band from a gel. Both systems utilise a spin column set up as shown

in Figure 4-4.
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Figure 4-4: Process of column based DNA purification. The three main steps used in
the process are shown. Firstly the DNA is bound to the membrane within the
column. The sample is then washed to remove any proteins, nucleotide monomers
and oligonucleotides below 100bp. The DNA is then suspended in a new buffer

before being eluted from the column.

Both systems utilise a silica based membrane to bind the DNA in high salt concentration
buffers containing for example guanidine hydrochloride and isopropanol. Once the
DNA is bound, the membrane is washed and centrifuged in order to remove impurities.
The DNA is then eluted from the membrane by adding a low salt buffer (10 mM Tris pH
8.5) or deionised water. The column is spun again to collect the eluted DNA. This
method removes unwanted proteins but also leads to the DNA being suspended in a

solution that is suitable for AFM analysis and in vitro transcription reactions.

4.2.5 Measuring DNA concentration

In order to use the DNA in further reactions the concentration of the DNA in solution
is needed. It is possible to use the intensity of the bands on a gel to determine
concentration relative to DNA standards but it is more efficient and accurate to use
spectrophotometry. The solution containing the DNA has UV-light of a wavelength of
260 nm passed through it. DNA absorbs light in the UV region at 260nm due to the
aromatic nature of the bases [342]. By first using a reference solution that is the same
as that which the DNA is suspended in, the change in absorbance from the reference
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to the DNA can be used to determine the concentration using the Beer-Lambert law
[343]. The concentration in DNA is given in ng/uL and so is independent of the

sequence and length of the DNA being analysed.

It is also possible to measure the purity of a sample, as proteins absorb UV light around
280nm, by comparing the ratio of absorbance at Azso to Azgo protein contamination is

determined. The Axs0/A2s0 ratio should be approximately 1.8 for a pure dsDNA sample.

DNA samples in this thesis had their concentration determined using a NanoDrop
2000C (Thermoscientfic, Waltham MA). This is a spectrophotometer specifically
designed for small sample volumes. The NanoDrop was calibrated using the same
buffer as the DNA was suspended in, this was either dH.0 or Qiagen’s elution buffer.
One or two microliters of sample was then placed in the light path and measured.
Samples with a concentration lower than 5ng/uL or a Azeso/Azs0 ratio lower than 1.8
were disposed of as this was below a useful concentration or considered contaminated

with protein.

4.3 In vitro transcription reactions

Transcription reactions were performed in two steps. The reaction was performed in
this manner in order to provide confirmation that the polymerase was able to find its
promoter and specifically bind before undergoing elongation. The protocol used is
based upon previous experiments used in the group and in the literature [126, 293,

296].

4.3.1 In vitro transcription: Open promoter complex formation

The formation of open promoter complexes (OPCs) is the process of the cRNAP locating
the promoter sequence, melting the DNA helix and wrapping the DNA around the
active site of the protein. The cRNAP requires an increase of temperature to 37°C to
efficiently melt the promoter. The process by which the cRNAP locates its promoter is
not fully understood but is believed to occur through non-specific interactions with the

DNA backbone as in previously mentioned in Chapter 1. The sample preparation was
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designed to provide time for the RNAP to locate its promoter and melt the DNA in order

to form specific interactions.

The given DNA template was mixed with E.coli 6’°RNAP (Epicentre, Madison Ml) in
10ulL transcription buffer. The transcription buffer consisted of 20mM Tris-HCI (pH
7.9), 50mM KCI, 5mM MgCl;, ImM DTT. The buffer used differed from that provided
by the manufacturer, having no Triton X-100°®. This was carried out in order to prevent
any interference with the AFM analysis but still be enable the protein to perform its
function. DTTis added to help prevent aggregation of RNAP molecules as well maintain
protein stability by acting as reducing agent. It acts as a reducing agent and reduces
any disulphide bond that may occur between cysteine residue side-chains located on

the protein surface.

The amount of DNA used in the reaction was 200 fmol of DNA chains for all templates.
The amount of RNAP used was based on the number of promoters the DNA fragment
contained. A 1:1 ratio of promoter to RNAP was selected as this provided the highest
yield of OPCs while limiting the levels of non-specific interactions of RNAP with a given
DNA template. The activity of RNAP was assumed to be 100 %. RNAP was stored at -

80°C in small aliquots to ensure repeat freeze thaw cycles did not occur.

Once the samples had been mixed by gently pipetting up and down they were
incubated at 37°C for 20 minutes in order to allow OPCs to form. Once incubated,
samples of the 1144 bp and 602 bp template were diluted by a factor of 10 in imaging
buffer. Samples containing the 2521 bp template were diluted by a factor of 20. The
difference between the two samples is to ensure that well dispersed molecules are

seen upon the surface when imaging.

4.3.2 In vitro transcription: initiation of elongation

In order to initiate transcriptional elongation, all four NTPs were added to a sample of
OPCs to a final concentration of 100 uM each. The sample was then incubated at room
temperature (between 20-25 °C) for 15 minutes. The NTPs were added in excess to

ensure that they were not limiting the elongation reaction. The lower temperature
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helps prevent the formation of new OPCs during the elongation step, due to the fact
that there will be some RNAPs that are free in solution and not yet located their
promoters. This also helps to reduce the occurrence of multiple rounds of transcription
from occurring. This would lead to a skewing of results collected. Again once incubated

samples were diluted as with OPC samples.

4.4 Imaging of DNA samples and in vitro transcription

complexes

Detailed in this section is the process which samples undergo in order to view them
under the AFM. This work is based on previous experiments [5, 215, 344]. The samples
were imaged using either a Multimode 8 AFM (Bruker, Billerica MA) or a FastScan Bio
AFM (Bruker, Billerica MA). Both machines were operated in tapping mode in air at
room temperature (22-25°C). The tips used were TESPAs for the Multimode (Bruker,
Billerica, MA) and Fastscan A (Bruker, Camarillo CA) for the FastScan bio the

specification of both tips is given in Table 4-1.

TESPA Fastscan A
Material (n) doped silicon Silicon nitride
Cantilever geometry Rectangular Triangular
Thickness (nominal) 4 um 0.58 um
Back side coating Reflective aluminum Reflective aluminum
Tip radius (nominal) 8 nm 12 nm

Table 4-1: Table of tip specifications used for imaging.

The cantilever auto tune function was used to locate the resonance frequency for
each probe and the frequency of oscillation was offset by a maximum of 5% below the
resonance. The offset was used to ensure that the cantilever was oscillating close to
the resonance when imaging as changes in the resonance frequency can occur when
the tip comes close to the surface. The amplitude of oscillation was initially set to 500

mV but this was changed throughout imaging to provide the best image. The set point
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was initially selected automatically but was altered along with the integral and
proportional gains to provide the best image quality. The images on the Multimode
were collected with a setting of 512 samples per line at a scan rate of 2.9 Hz. For the
Fastscan Bio the majority of images were between 512-1024 samples per line at a scan
rates ranging from 11-22.4 Hz but this was changed depending on the sample tip
interactions and image quality on the day. The standard ranges for operation of both

AFM is given in Table 4-2.

Multimode Fastscan
Setpoint 200-1000 mV 500-1500 mV
Integral gain 0.2 1.0
Proportional gain 0.5 5.0
Scan rate 2.0-3.2 Hz 11.0-22.4 Hz
Samples per line 512 512-1024
Amplitude of oscillation 5-10 nm 2-20 nm

Table 4-2: Table of AFM setting used for imaging

All images were collected using a Z-range of 5 nm unless otherwise stated.

4.4.1 Sample deposition

Once transcription complexes had been formed, 1uL of the sample was diluted into 9uL
of imaging buffer (Tris-HCL (4mM, pH 7.5) and 4mM MgCl;) for samples containing
1144 bp and 602 bp DNA or 0.5ulL was diluted into 9.5uL for samples containing 2521
bp DNA. For bare DNA, 1uL of DNA at a concentration of 2.5ng/uL was diluted in 9uL
of imaging buffer. The imaging buffer contains MgCl; in order to enable 2D
equilibration of the DNA on mica surface [277]. The full 10uL of sample in imaging
buffer was deposited onto freshly cleaved muscovite mica (Agar scientific, Essex UK)
that had been cleaved using sticky tape. Samples were incubated on the surface for 5

mins to ensure that complexes adsorbed to the mica surface.
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4.4.2 Rinsing and drying

Samples were rinsed using ultra-pure water with a resistivity of 18.2 MQ.cm (at 25°C),
after incubation. The rinsing step helps to remove any DNA and protein molecules that
may not be tightly bound to the surface, thereby helping to reduce the likelihood of
any of the molecules binding to the AFM tip and affecting image quality. Rinsing also
removes any excess buffer which is important as the salts in the buffer can form crystals
on the surface upon drying and lead to issues when imaging as well as having a
detrimental effect on the DNA. A volume of 5-8ml was used to rinse the samples. The
mica disc was held with tweezers freshly cleaned with ethanol and tilted to prevent
pooling of water on the surface. The water was exuded at a flow of approximately 0.5-
1 ml per second. The flow rate was fast enough to prevent pooling of water on the

surface but not so fast as to remove any molecules loosely bound.

Once a sample was rinsed, it was dried in steady stream of nitrogen at 1 bar of pressure
until all liquid was removed from the surface. Higher pressures were found to damage
the sample but there is a need for a relatively quick drying process in order to
discourage the formation of salt crystals. Once the sample was dried it was stored in a

standard petri dish and imaged within 24 hours.

4.4.3 Analysing samples

Once AFM images had been collected, the raw files were exported to the AFM
manufacturer’s software Nanoscope Analysis 1.4 or 1.5 (Bruker, Billerica MA). The files
were then flattened in the O™ order to centre the data in the digital Z range and
subsequently flattened in the 3™ order to remove tilt and bow. Flattening utilises a
best fit polynomial fit for each line of data to centre data (0" order) or remove tilt and
bow (3™ order). After flattening, the height scale of the data was set to real time and
the Z-range for all images was set to 5 nm. For phase images the data scale used for all

images was 10°. Representative scale bars are shown in Figure 4-5.
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10° 10° 5nm 5nm

Phase image scale bars Height image scale bars

Figure 4-5: Scale bars used for all AFM height and phase images throughout the

thesis.

Height measurements, inter-RNAP distances and cross sectional analysis was
performed using the software’s cross section analysis tool. Height measurements were
taken from the highest point of an object of interest to a point that was at 0 nm on the
mica. Cross sectional analysis was performed by selecting the width at half the height

of the object.

In order to perform length measurements files were exported as JPEG or BMP files
which maintained the pixel ratio of the original image before being loaded into the
analysis suite Imagel [345]. As the scan size of an image is known and the number of
pixel per line that make up an image are known it is possible to set a scale in order to

provide accurate measurements of length scales.

DNA contour length measurements were performed by tracing a line along the DNA
back bone. When RNAP was bound to the DNA the contour length was measured to
the centre of the RNAP molecule. Samples which had a loop label attached had the

length measurements made from the centre of the loop as is shown in Figure 4-6.
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Figure 4-6: AFM height images with the tracing lines of contour lengths measured

from the loop label and from RNAPs shown (scale bars = 50nm).

Lengths were recorded and plotted in histograms using OriginPro in order to provide
insight into the distribution of lengths seen sample sets of 100 molecules or greater
were collected. This number was selected in order to provide data sets that could be
plotted in histograms plots, as small data sets were not seen as representative of the
populations believed to exist. Histograms had bin number selected using the square
root choice (square root of number of data points). Errors for length measurements

are given as the standard error of the mean value throughout the thesis.

Fitting of peak values was performed using the OriginPro fitting Gaussian fitting
function with the Y value set zero where possible. For single peaks the equation used

was:

A _Z(X—XC)Z
e w?
wvT/2

Y=Yt

The parameters used were area (A), offset (yo), center (x¢) and width (w). Derived

parameters were the full width half maxima, standard deviation and height of curve.

For multiple peak fittings the same equation was used and peaks were manually

selected by designating the approximate center of each peak using OriginPro peak

designator.
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5 High throughput labelling

5.1Introduction

Throughout this work a linear DNA fragment was utilised as a transcription template.
Upon formation of OPCs it is possible to determine that the RNAPs are at their
promoters using contour length measurements of the DNA backbone. The polarity of
the DNA template can also be determined from these measurements if it is designed
to appear asymmetric when visualised by AFM. Even so, after the addition of NTPs into
the system, elongation occurs and the RNAPs leave their promoter sites and can be
distributed across the whole length of the template. This draws into question which
polymerase originated from which promoter and therefore raises doubt about the
position of RNAPs in relation to their starting point. In the case of convergent and
tandem transcription in vitro it is assumed that the RNAPs are unable to pass each other
based on previous studies [3, 193, 318]. With this in mind, a fiducial marker or label
that can provide information on the polarity of the DNA template is required. This
label must be specifically attached to a known position of the DNA in order to be
informative and would be best situated at the end in order to not influence the process
of elongation. This label is also required to be compatible with AFM sample
preparation and analysis. The requirements for an end label led to the development
of a method by Billingsley et al. to incorporate a nucleic acid based single stranded loop
to one end of the template [5]. This method was successful in discerning the polarity
of the DNA template by AFM and is discussed in detail in 5.1. This chapter discusses
the reasoning behind such a label and the method utilised by Billingsley et al. Then
presented is the development of a labelling method based on this initial protocol, going
from a single step PCR process to a multistep PCR based process. Also discussed is the
use of the four different homopolynucleotide sequences for the loop region of the
label, in order to compare the effect that the sequence may have on loop appearance

and on transcription reactions.
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5.1.1 Labelling DNA for AFM

The end labelling of dsDNA is not a new concept and there are a number of labels and
methods available. The most common of these methods is to use a biotin linked dNTP

as is seen in Figure 5-1a [346-349].

Figure 5-1: Biotin labelled dNTPs can be incorporated into a DNA
fragment.Thymidine labelled with biotin, a spacer is incorporated in order to allow
binding to streptavidin. B) Biotin is shown by the green and red dots, bound into a
pocket of streptavadin, shown by blue ribbons, with a Kq in the order of 4x101% M,

yielding very tight binding image was edited from reference [350].

This in turn can be linked to a streptavidin protein as shown in Figure 5-1b which binds
extremely tightly to the biotin moiety [347]. This method has been further developed
to incorporate other proteins, such as ferritin as well as other non-biological molecules
such as colloidal gold and certain dye molecules [319, 351-353]. The use of biotin-
streptavidin based methods have been utilised for AFM studies, but they were deemed
to be unsuitable for use in our transcription system. This is mainly due to the fact that
they may affect the adsorption of the DNA-protein complexes to the mica surface due
to the importance of local chemistry on the interaction [194]. The effect that such
molecules may have on the function of the RNAP and its interaction with the DNA is

also not fully understood and so may introduce unwanted interactions in the model
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transcription system. The use of proteins may lead to unwanted protein-protein
interactions which are normally disrupted by increased salt concentrations. High salt
concentrations, however, decrease the adsorption of complexes to the mica surface
and leave deposits in air-dried samples that can obscure the biomolecules, such that it
may not be possible to prevent such interactions in our system. The appearance of a
protein or bulky marker under AFM may also be hard to distinguish from the RNAP

depending on its molecular weight [354].

Due to all these factors, a nucleic acid based label was decided upon. This would mean
that there would be very little change to the local chemistry when the complexes were
adsorbed onto the mica, no issue with increasing protein-protein interactions and a
minimisation of detrimental effects on the function of the RNAP. A prevalently used
method for the incorporation of nucleic acid based labels is triplex forming
oligonucleotides (TFOs). These are short stretches of ssDNA that are designed to insert
into the dsDNA at specific regions. These TFOs can be conjugated to other molecules
or designed to contain secondary structures such as hairpins that stand out from the
DNA backbone [355-357]. TFOs have two major drawbacks for use in RNAP studies.
Firstly, they are often used to label internal sites along the DNA and secondly they rely
on topological differences in the DNA, such as the supercoiling state of the DNA to form
[355]. This means that they are not ideal for labelling the ends of the DNA and also

that they may not be viable for linear DNA templates [358].

As a consequence, Billingsley et al. devised a new method to incorporate a single
stranded hairpin loop to the end of a linear DNA template. This hairpin molecule was

easily distinguishable from the DNA backbone as well as from the RNAPs.

5.1.2 Nucleic acid based end label for AFM

The method of Billingsley et al. was based on a PCR reaction, however, the protocol
was not that of a typical PCR with a large number cycled steps, but was referred to as
a “single step” PCR. The method utilised a small ssDNA hairpin loop that was designed
to contain a double stranded “neck” region to seal the loop and small extended single

stranded tail to allow for annealing to the template. The single stranded loop was
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made up of 20 adenosines. Prior investigations by Billingsley et al. as well as others
showed that these small DNA secondary structures had an appearance that was distinct
from a typical dsDNA backbone under AFM [4]. The “neck” region held the hairpin loop
in a closed conformation. The tail also acted as a primer for the DNA polymerase
during the extension stage of the reaction which is summarised in Figure 5-2.

1. pDSU DNA template & primer 2. Denaturing (98 °C for 10 minutes)
/ j— | — [— |

-

3. Rapid cooling
(formation of stem-loop)

—

5. Extension (72 °C for 15 minutes) 4. Annealing (60 °C for 10 minutes)

—aeesssmm ¢ | gpe—

Figure 5-2: Process of the labelling protocol devised by Billingsley et al. The
reaction starts by melting the original DNA template in the presence of the hairpin
forming oligonucleotide. The reaction is then cooled rapidly to encourage the
formation of the hairpin loop. The reaction is then heated back to 60°C to allow
annealing of the tail region (primer) to its complementary sequence within the
original DNA template. DNA polymerase was then added and the recation heated
to 72°C in order to allow the DNA polymerase to produce a complementary strand,

leaving a double stranded fragment with the hairpin loop attached to the end.

The steps of the reaction were similar to that of a PCR. The two strands of the target
DNA were first melted at 98°C in a PCR buffer with just the hairpin loop structure in
high excess and no second primer. The sample was then rapidly cooled, in order to
drive the annealing of the neck region to form the loop. As with a PCR, the reaction
was then held at 60°C to allow the single stranded tail to anneal to its complementary
sequence within the target DNA. This newly formed double stranded region acts as
the primer for the DNA Polymerase which when heated up to 72°C, is then able to fill
in the second strand of the DNA target, leaving a double stranded molecule with the

single stranded loop attached to the end of the target DNA.

This method provided a number of advantages. Firstly, its simplistic nature meant that

it was relatively easy to perform. Secondly, the single stranded primer region could
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have its sequence altered to attach to any DNA target. The specific base pairing of
nucleotides means that the loop structure can be attached to a specified end with some

certainty.

It was noted that the loop adopted three distinct structures when analysed by AFM,
but the majority of structures appeared triangular or globular with a height greater
than that of the DNA backbone and a diameter of ~20 nm. Upon the addition of RNAP
it was seen that OPCs formed at the expected promoter sites and showed that the loop
structure was attached to the correct DNA arm. The loop feature was distinguishable
from the DNA backbone and the RNAP molecules. A comparison of the predicted

structure and an AFM image of a labelled complex can be seen in Figure 5-3.
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Figure 5-3: Comparison of the predicted structure of a labelled OPC and an AFM
image of a labelled OPC. As it can be seen, the loop is attached to the desired long
arm and has an appearance that differs from the DNA backbone and the RNAPs

(Scale bar is 50nm).

This method was deemed successful in labelling the target DNA at the specified end
with a feature that was easily recognisable from the DNA backbone and the RNAP.
There was also no noticeable effects on the adsorption of complexes to the mica
support, the formation of OPCs or the elongation process [5]. Even so, there were a
number of issues that needed to be addressed. Mainly, the method only provided a
labelling efficiency of 48% making collection of data slow. The process also left a low
yield of DNA after purification of the labelled products due to lack of amplification of
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the DNA template. Due to these facts it was decided that a new method that was high-
throughput and more efficient would be essential in order to allow for the collection

of data on labelled templates in a timely fashion.

5.2 Samples and preparation

The template used to develop the high-throughput labelling method was a template
derived from the pDSP plasmid containing only the leading promoter (Figure 5-4). This
template was decided upon as the transcribed sequence is the same as that transcribed
by the leading RNAP during concurrent tandem transcription reactions. This means
that the template can act as a control for elongation from tandem promoters.

APR
l

RNAP
225 377

Figure 5-4: Diagram of the 602bp DNA template used to test new labelling method.
The promoter region is shown with red with the RNAP overlayed in blue. The
lengths of each DNA arm are shown in base pairs from the transcription start

position.

The 602 bp template was formed by PCR amplification using GoTag Polymerase
(Promega, Madison WI) as per the manufacturer’s instructions by using pDSP as a
template and the forward primer: ¥ GCTACCAGGGAAGAACGGGAAGG ¥ and reverse
primer: > AAGCTTGCATGCCTGCAGGTC ¥ . The 1144 bp template was formed using the
primers > AGGTGAGAACATCCCTGC ? (forward) and > GCATGCCTGCAGGTC ¥ (reverse).
The template size was checked using a 1% (w/v) agarose gel electrophoresis and was
purified using the QiaQuick PCR purification kit (Qiagen, Valencia CA). The labelled
samples were then used for in vitro transcription reactions as detailed in Chapter 4.
Once it was confirmed as successful, the labelling was applied to the two promoter
templates derived from the plasmids pDSU (convergent promoters) and pDSP (tandem

promoters).
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Samples were prepared for AFM as previously described and deposited onto freshly
cleaved muscovite mica before being imaged in air on a Multimode 8 AFM in standard

tapping mode using TESPA V2 probes (Bruker, Camarillo CA).

5.3 PCR based labelling method design and results

It was decided that the development of PCR based labelling protocol would be most
beneficial, as it would provide exponential amplification of the labelled DNA target. In
order to incorporate the label, the reverse primer in the reaction contained the loop
structure and was to attach downstream from the promoter meaning that upon
addition of NTPs the RNAP elongates towards the loop in order to investigate the
outcomes of elongation towards the loop. The sequence used for the loop and the

proposed structure is shown in Figure 5-5.

A.

GGCCCTGGAGGG-==============---=-CCCTCCAGGGCCGCATGCCTGCAGGTC

single stranded nick

225 377 12

e —— Eld bp RS B A RS 0 R B A0 8 R SR 8 R 08

Figure 5-5: A) Sequence of the loop primer and B) diagram of labelled template The
base pairs that form the loop primer: the neck region (Green) sequence is shown in
italics, the 20 base homopolynucleotide that makes the loop (Cyan) are shown by

dashes and the primer tail (yellow) sequence is shown in bold.

As can be seen from the diagram in Figure 5-5, the neck region is formed via an inverted
repeat and anneals to the template through the primer region. The bases that make
up the loop are not included as they were all the same, either poly-A, C, Gor Tin order

to investigate whether the different bases had any effect on the structure and
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appearance of the loop, as well as the effect this change might have on production of

the loop. The folding of the loop was checked using the MFold online folding tool [359],

an image of the folded structures are shown in Figure 5-6.
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Figure 5-6: MFOLD results for the four loop forming primers used with 20 base loops

of polyA, polyC, polyG or polyT. The polarity of the DNA strand is shown with the

bases that form the loop in lower case.

Initial PCR attempts were performed using a standard PCR reaction setup with GoTaq

Polymerase (Promega, Madison WI). The reaction conditions are given in Table 5-1.

Time (Minutes) / No. of
Stage Temperature (°C)
Cycles
Initial Denaturation 96 5/1
Denaturation 94 1/30
Annealing 60 1/30
Elongating 72 1min15/30
Final Elongation 72 10/1

Table 5-1: PCR conditions used for labelling with GoTaq polymerase

With the GoTaq reaction mix and the stated conditions it was seen that a number of

DNA species with differing sizes were produced. The amplified band at approximately

602 bp for the A loop was excised from the gel and purified as detailed in Chapter 4

and imaged by AFM. The agarose gel and an example of these molecules can be seen

in Figure 5-7. It was observed by AFM that a number of templates had a globular

structure located along the backbone of the DNA (B). This was believed to be a
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secondary structure incorporated into the DNA backbone due to its globular
appearance and height greater than the DNA backbone. The other bands observed in

the agarose gel were not excised and imaged.

Figure 5-7: Fragments produced from GoTaq polymerase labeling PCR. A) Image of
a 1% (w/v) agarose gel of products from PCR. Lanes: 1- Poly(A) primer products ; 2 -
Poly(T) primer products; 3 - Poly(C) primer products ; 4 - Poly(G) primer products ; L:
100bp ladder (Promega). Three bands can be seen for each product, with high
levels of DNA at approximately 620bp and 350bp. B) AFM height images of products
purified from the band seen at 620bp for the poly A loop. The prescence of a
globular region with greater height then the DNA backbone can be seen (Scale bars

=50nm)

It was reasoned that this occurrence was due to unwanted structures forming during
the PCR reaction therefore leading to the loop structure forming in the incorrect place.
It was also noted that the enzyme GoTaq polymerase contained 5’-3’ exonuclease
activity. This means that the enzyme is not only able to produce DNA in 3’-5’ direction
but degrade DNA in 5’-3’ direction, which is common for standard commercially
available Tag polymerases and is involved in correction of any errors during the PCR

reaction. This would mean the loop containing primer may be degraded during the
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extension step [360]. This is highlighted by the flow diagram of the PCR process shown

in Figure 5-8.

Figure 5-8: Schematic representation of the PCR labelling method (arrows represent
3’ to 5’ direction). Blue: forward strand; light blue: reverse strand; green: inverted
repeats; brown: loop; red: reverse primer region; purple: forward primer. 1) Initial
denaturation; 2) Primer annealing; 3) annealing of stem loop and extension of
primers 4) products formed from first extension; 5) second cycle of denaturation
and primer annealing; 6) second cycle of primer extension. Steps 3 to 6 are
repeated for 30 cycles leading to exponential propagation of a labelled double

stranded template.

It can be seen that at step 5 shown in Figure 5-8 the Tag polymerase might degrade
part of the inverted repeat of the loop primer. It was therefore decided to use a Tag
polymerase that did not contain the 5’-3’ exonuclease activity: QBIO-Taq Polymerase
(MP Biomedical). This specific Tag polymerase has a truncated N-terminal meaning
that the enzyme is unable to degrade the loop primer. It was also thought that the
loop may not be able to form with high efficiency, due to the lack of a sudden cooling
step as was applied in the method of Billingsley et al. The introduction of a sudden
cooling step may deteriorate the action of the Tag polymerase. In order to ensure the
loop remained in a loop structure, the extension temperature was reduced to 68°C.

This was believed to prevent fluctuations of the annealing of the neck region or the
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formation of alternative structures that the loop primer might adopt. In order to
counteract this drop in temperature the extension time was increased as can be seen

in the reaction conditions given in Table 5-2.

Time (Minutes) /No. of
Stage Temperature (°C)
Cycles
Initial Denaturation 98 5/1
Denaturation 94 1/30
Annealing 63 1/30
Elongating 68 2/30
Final Elongation 68 10/1

Table 5-2: PCR conditions used for the Q-BIO Taq polymerase

The QBIO-Taq required a different reaction mix as given in Table 5-3.

Reagent Volume (1x) Final Concentration
10x Qbio-Taq Buffer + MgCl, 5uL 1x
10mM dNTPs 1pL 200puM
Qbio-Taq (MP biochemical) 0.4puL 2U
Forward Primer 2ul 0.4uM
Reverse Primer (Loop 2uL 0.4uM
primer)

Template (concentration dependent) 30-100ng
H.0 To give final volume of 50uL -

Table 5-3: Reaction mix for Q-BIO Taq polymerase PCR

This reaction was decided upon having first performed a number of tests. Firstly the
MgCl, concentration was altered to provide the highest amount of amplification and a
range of annealing temperatures were tested for the primers in order to give the
highest amount of amplification without the production of unwanted DNA species.
This reaction mix and conditions were then applied to the different loop sequence

primers.
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5.3.1 Labelled single promoter
The four different loop sequences were amplified by PCR using the conditions given
previously and the products were analysed by running on a 1% (w/v) agarose gel

electrophoresis.

700
600
500

Figure 5-9: Image of 1% (w/v) agarose gel of the prodcuts from Q-BIO Taq
polymerase PCR. Lanes L: 100bp ladder (Promega) ; 1: Poly(A) primer products ; 2:
Poly(T) primer products; 3: Poly(C) primer products ; 4: Poly(G) primer products.

All four of the loop primers produced a single defined band at the expected size of
approximately 600 bp, indicating that that the PCR reaction was successful (Figure 5-
9).

These products were purified using the QiaQuick PCR purification Kit (Qiagen, Valencia
CA) and the concentration of each product was tested using a Nanodrop 2000c
spectrophotometer (Thermo scientific MA, USA). All four templates had a
concentration greater that the amount of template added to the PCR mix confirming

that the PCR reaction had been successful in amplifying the target DNA.

These products were then diluted into imaging buffer and analysed by AFM. For each
loop sequence the contour length of the backbone was measured from the center of

the globular feature seen at the end of the DNA fragment. Histogram plots for the
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contour lengths of all loop sequences are shown with an AFM height image of each

(Figure 5-10).
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Figure 5-10: Histogram plots of labelled single promoter DNA with corresponding
AFM images for each loop sequence (n=363, 449,217 and 55 forA,C, T,and G

respectively. Scale bars: 50nm)

The mean contour length for the loop labelled single promoter templates are given in

Table 5-4.
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Loop sequence n Contour length (nm)
A 363 207.7£0.8
C 449 207.5+0.7
T 217 207.1+1.2
G 55 217.1+2.4

Table 5-4: Contour lengths of DNA fragments produced with each loop primer.

The DNA also shows an increase from the unlabeled template which had a contour
length of 194.6 + 1.3 nm. The poly(G) loop labelled template displayed a contour length
approximately 10 nm higher than that of the other loop sequences. When accessing
the efficiency of the labelling by counting the number of molecules with an end feature
present, the poly(G) loop sequence only had a feature on 10% of molecules, whereas
for the poly(A, C and T) loops there was an appearance of the feature for over 70% of
molecules. With this fact in mind it was reasoned that the poly(G) loop was not forming
in @ manner similar to the other loop sequences. This was believed to be due to an

erroneous effect during the PCR amplification.

In order to investigate this further, the PCR conditions were altered for the G-loop
sequence. The extension temperature was dropped to 66°C and the time was
increased to 4 minutes for the cycled extensions and increased to 20 minutes for the
final extension. With these changes, the poly(G) loop labelled fragment showed a
mean contour length of 210.2 nm + 0.89 (Figure 5-11) and a feature occurrence of 73%,

consistent with the other homo-polynucleotide 20 base loop labels.
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Figure 5-11: Histogram plot of contour length measurements for poly(G) loop

labelled DNA fragment (n= 385)

In order to further characterise the labelling reaction, the dimensions of the globular
feature itself for each loop sequence was measured. The height profile of the feature
and its diameter was measured, the histogram in Figure 5-12 shows all of the loop
heights and diameters plotted on the same axis for comparison between each loop

sequence with the values shown below in Table 5-5.
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Figure 5-12: Histograms of the loop diameter and height for all loop sequences. Red

is poly(A), green poly(T), blue poly(G) and cyan poly(C).
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Loop sequence N Height (nm) Diameter (nm)
A 100 0.99+0.01 20.57+0.14
T 100 1.00+0.01 20.48 £0.14
G 100 1.04 £ 0.02 20.74 +0.27
C 100 1.02+0.01 20.38 £ 0.12

Table 5-5: Height and diameter of the end loop feature for all loop sequences.

Both the height and diameter for all the loop sequences are similar. The height of the
loop was noted as being greater than that of the DNA backbone which across all
samples taken had an average height of 0.42 + 0.08 nm (n =120). This difference in
height is highlighted by the 3D rendering of an AFM image on a labelled fragment in

Figure 5-13.
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Figure 5-13: 3D rendering of a labelled fragement with the cross-sectional analysis
shown below. On the cross-section plot the blue is the loop and red is the DNA

backbone. The height difference between the loop feature and the DNA backbone

Distance (um)

can be clearly seen.
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The diameter of the loop is in keeping with contour length measurements, with the
addition of the loop adding approximately 13 nm to the length of the DNA from the
centre of the loop which agrees well with a diameter of approximately 20 nm. This
value is greater than expected as the inter phosphate spacing is expected to be
between 5.9-7 A for ssDNA [361]. This would give a circumference approximately 130-
140 A and a diameter of 4.1-4.5 nm. The observed diameter may be higher due to tip
convolution or alterations to the inter phosphate distance upon surface deposition.
The additional 3 nm observed when measuring contour length to the centre of the loop
is most likely due to the addition of the neck region to the contour length. The width
of the backbone of the DNA was measured for 30 molecules in each sample and gave

an average 10.9 £ 0.3 nm.

5.3.2 Single promoter Open promoter complexes (OPCs)

The purpose of adding a loop to the fragment of DNA was to provide a marker of
polarity when visualising transcription complexes by AFM. Therefore the labelled DNA
fragments, with the differing loop sequences were used for in vitro transcription
reactions to test their influence on RNAP activity. The position of the loop was
determined by measuring the contour lengths either side of a bound RNAP in an OPC.
Only the poly(A) loop was used in the original one step method, but the new method
was used to create the four different loop sequences , not only to quantify any
differences in the loops appearance but also to determine if the sequence of the loop
affected the interaction of the RNAP with the DNA template. The labelled DNA was
incubated to form open promoter complexes (OPC) as described in Chapter 4 and then
imaged by AFM. Examples of the complexes can be seen in Figure 5-14 along with

histograms of the full contour lengths of the complexes for each loop sequence.
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Figure 5-14: Histograms of contour length for OPCs formed on each loop labelled

DNA fragment AFM images of OPCs from each loop sequence (A, T, C, G). For

histograms n= 110, 116, 132, 203 for A, T, C and G loop sequences (Scale bars =

50nm)

The mean contour lengths of the OPCs were 174.2 nm (£1.8), 176.1 nm (+1.4), 174.4

nm (+1.4) and 174.31 nm (+1.6) for Poly (A, T, C and G) loops, respectively. The OPCs

were easily identified by the distinct bend angle of the DNA observed. The bend angle

was not measured. The shortening of the contour length due to wrapping as reported

by previous studies, was used to determine whether OPCs had been formed [3, 126].

The loop labelled DNA arm is easily distinguishable not just by the end feature, but also

by its greater contour length (Table 5-6).
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Loop sequence N Short arm (nm) Long arm (nm)
A 110 54.1+3.5 1195+1.4
T 116 545148 120.2+1.1
G 203 54.7+3.8 119.3+0.9
C 132 53.2+3.2 120.4+1.4

Table 5-5-6: DNA arm contour lengths for each loop sequence. The loop is at the

end of the long arm of this single promoter template.

For all the poly-nucleotide loop templates, the short arms are similar in contour length.
The degree of error in these results is a reflection of the fact that due to its short length
this arm was hard to measure with as high a degree of accuracy as it was sometimes
partially obscured by the RNAP molecule and tip convolution. The long arm
measurements for the poly(A, T, Cand G) loops all agree well with each other indicating
that the sequence of the loop has no significant effect on the contour length or
appearances of OPCs. The main reason for adding the label to the DNA was to
distinguish the polarity of the DNA after transcription elongation. It is therefore a
requirement that the loop not just be distinguishable from the DNA backbone but also

from the RNAPs molecules bound to the surface.

120 nm 60 nm

Figure 5-15: A 3D rendering of an OPC with the loop structure imposed on the
bottom of the image to provide comparison to the predicted structure. The

predicted lengths of the arms are provided (Scale bar = 20 nm)
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As can be seen by the 3D rendering in Figure 5-15, the loop has a lower height profile
and diameter than the RNAP. This difference is further supported by the average
height and diameter of RNAPs in the OPC samples. A total of 120 RNAPs (30 from each
loop sequence) in an OPC confirmation had the diameter and height measured. The
average diameter was 33.7 £ 0.46 nm and the height was 4.6 £ 0.16 nm. This is in
agreement with height and diameter observed by Wyman et al. and Billingsley et al.
who recorded approximately 35 nm for the diameter and 3-5 nm for the height of
RNAPs in OPCs [4, 362]. This difference from the diameter and height of the loop made

the two structures easily identifiable.

Upon analysis of the images there were two other types of complexes observed. Those
that showed a RNAP at the promoter only made up approximately 47% (Figure 5-16 C).
For all loop sequences, a species with an RNAP attached to the end of the loop arm
accounted for 48 % of molecules seen (Figure 5-16 A) and a small percentage (5 %) had

a RNAP at the promoter site and attached to the loop arm (Figure 5-16 B).

(A)

(B)

Figure 5-16: Montage of images showing different forms of complexes seen in OPC
samples. A) Images of samples with an RNAP bound to the loop end of the
template, therefore occluding the loop from the AFM tip. B) Images where an RNAP
was bound at the promoter as well as having an RNAP bound to the loop. C) Images
of correctly formed OPCs with a visible loop and an RNAP bound at the expected

location of the promoter. (Scale bars: 50nm)
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Molecules that had only one RNAP bound to the loop end of the template did not show
the shortening of the contour length as is seen for those with the RNAP at the promoter
and had an average contour length of 208.8 £ 0.98 nm. This longer contour length
indicates that the RNAP has not wrapped and therefore compacted the DNA as is seen
upon formation of an OPC. This was seen for all loop sequences and a comparison of
all the contour lengths for correctly formed OPCs and contour length of the end bound

molecules is shown in Figure 5-17.

1804 B Correctly formed OPC
/ \ B End bound molecules

120 140 160 180 200 220 240 260 280
Contour length (nm)

Figure 5-17: Histogram plot comparing all loop sequence OPC contour lengths with
all loop sequence contour lengths of molecules with an RNAP bound to the loop
end of the DNA fragement. The difference in length indicates that the RNAP has not
wrapped the DNA when bound solely to the loop (n =345 for OPCs and 335 for end
bound) .

5.3.3 Elongated complexes

Once it was shown that it was possible to form OPCs on the labelled template, NTPs
were added to the OPC reaction mixes and incubated at room temperature in order to
allow the RNAP to initiate elongation, in the direction of the loop. Upon analysis of the
AFM images the majority of molecules had RNAPs at the end of the template as can be

seen in Figure 5-18.
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Figure 5-18: Montage of AFM height images showing the elongated complexes after
the addition of NTPs (scale bar = 50 nm).

Upon analysis of contour lengths of the molecules it was noticed that there was a
greater spread of contour lengths than expected. The data collected for elongated
complexes was fitted with two Gaussian peaks in order to determine whether the data

represented two distinct populations. These fittings are shown in Figure 5-19.
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Figure 5-19: Histogram plots of elongated complexes contour length with
corresponding gaussian fitted lines (n= 257, 209, 215 and 109 for C, T, Aand G

respectivly).
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The centres of each fitted peak along with the average for all measurements is given in

Table 5-7.
Loop sequence n Peak 1 (nm) Peak 2 (nm) Average Value
(nm)
A 215 202.5+0.2 229.6+1.4 221.5+0.8
T 209 203.2 £0.5 229.6 £+0.9 221.4+0.7
G 109 208.9 +0.9 2322124 2249+1.2
C 257 202.9+0.4 218.9+1.2 217.1+£0.8

Table 5-7: Measurements of contour length of complexes after the addition of

NTPs.

Even though the data has been fitted with two peaks there is most likely a combination
of four different complexes present after elongation: 1) those complexes which have
an RNAP bound to the loop as seen in OPC samples; 2) those complexes where a RNAP
has elongated into the loop and has stalled at a position so that the loop is occluded;
3) complexes that have had an RNAP elongate to the loop and subsequently a RNAP
has non-specifically bound to the loop, RNAP or RNA transcript; 4) complexes where
an RNAP was bound to both the loop and promoter before elongation and the
elongating RNAP has collided with the loop bound RNAP. The high number of
complexes with RNAPs bound to one end indicate that the loop is able to cause stalling
and prevent dissociation of an elongating RNAP as well as displaying affinity for

0’°RNAP.

The effect of the loop on elongation was further investigated by analysing the RNA
transcript using a 1.5 % v/v formaldehyde agarose gel using the method described in
Chapter 4. The DNA template with and without the poly(C) loop were run on the gel
after completion of an in vitro transcription reaction using 10 times the standard
concentrations of DNA and RNAP to ensure that large enough levels of RNA were
produced. The transcription reaction was incubated at 37°C for 15 minutes to
encourage multiple rounds of transcription. The samples were split into two and one
half of each sample was treated with DNase | to remove the DNA template (Figure 5-

20).
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1000

500

Figure 5-20: Image of formaldehyde agrose gel run on elongated complexes with
and without an end C-loop. Lanes L: 1kbp DNA ladder (Promega), 1: Loop Labelled
transcription complexes, 2: Loop Labelled transcription complexes treated with
Dnase |, 3: Unlabelled transcription complexes, 4: Unlabelled transcription

complexes treated with Dnase I.

It can be seen that the C-loop labelled sample shows a band at the expected size for
the transcription template before DNase | treatment but after DNase | treatment there
are no distinguishable bands seen, indicating that there is not a detectable level of RNA
produced. For the unlabeled sample there is a band seen at the expected length for
the DNA with a second band below this, which is also present after DNase | treatment.
This indicates that the band observed is RNA, and this result suggests that without the
loop a higher level of RNA is produced. The simplest interpretation of this result in
conjunction with the AFM data, is that the end loop label captures transcribing RNAP
and prevents dissociation from the template. This would lead to a lower number of
active 6’°RNAP able to undergo elongation, therefore reducing the amount of RNA
produced. Whereas multiple rounds of transcription are possible on the unlabeled
template. This confirms the unexpected advantage of the end loop ssDNA label
allowing capture and retention of the transcribing RNAP for subsequent ex-situ analysis

by AFM.
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The hypothesis that the loop prevents dissociation of RNAP from the template by
performing footprinting experiments to map the position of RNAP on the DNA after

elongation.

5.3.4 Labelling of two promoter templates

The labelling reaction was successful for all polynucleotide sequence loops for the
single promoter fragment with no differences in yield or behavior of RNAP. Due to this
similarity, the selection of a loop sequence for labelling the 1144 bp two promoter DNA
fragments was somewhat arbitrary, however, the loop sequence chosen was that of
poly(C) as it was thought that long stretches of A or T bases could resemble the AT rich
promoter elements which may encourage non-specific binding and that the G-loop

required different PCR conditions to produce.

To label the 1144 bp two promoter DNA templates, the primer sequence was adjusted
and therefore the annealing step of the reaction was changed to 60°C after testing a
range of annealing temperatures. Diagrams of the convergent and tandem 1144 bp

two promoter DNA templates can be seen in Figure 5-21.

A Single stranded nick
AFR APR “"“
N Tl ! Q
435 338 371 12
147 nm 115 nm 126 nm 4 nm
B. Single stranded nick
Apr Aer
[ — =~ Al
435 338 371 12
147 nm 115 nm 126 nm 4nm

Figure 5-21: Diagram of labelled convergent and tandem promoter containing DNA
templates. In both panels the lengths of each section are shown in base pairs and
nanometres, promoters are shown in red and the RNAP binding positions are
overlayed in blue. The ssDNA loop label is shown in red and the neck is shown in

orange.
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For the tandem promoter template, the loop was attached to the short arm, such that
both RNAPs transcribed towards the loop. This design was finalised from the outcome
on the single promoter template, which demonstrated that the loop will capture
transcribing RNAP and prevent dissociation from the template. This would enable us to
study tandem transcription using an ex-situ AFM approach with greater certainty that

only a single round of transcription had occurred.

The products of the PCR labelling reaction were analysed firstly by 1% (w/v) agarose

gel electrophoresis (Figure 5-22).

L 1 2 3 4

1500 bp Unknown size

1000 bp 1144 bp

500 bp

Figure 5-22: Image of 1% (w/v) agarose gel showing products from labelling reaction
on both tandem and convergent promoter templates. Lanes L: 100bp DNA ladder
(Promega), 1: Sample containing tandem template at concentration added to
labelling PCR, 2: tandem promoter fragment labelling products, 3: Sample
containing convergent template at concentration added to labelling PCR, 4:
convergent template labelling products. The unexpected band believed to be due

to dimers is highlighted.

As can be seen from the gel, the PCR reaction showed amplification of the original

template DNA. There is however the presence of band of unknown size which indicates
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a larger product being formed. This was only seen on occasion but was investigated
further. In order to study this band as well as those that were amplified, the bands
were excised from the gel and purified separately in order to image each with the AFM.

Purified samples were prepared and deposited onto mica as previously described.

The band of higher molecular weight upon imaging had a contour length of 791.05 nm
(£3.2) with the occurrence of a higher point approximately located in the centre of the

template, as is shown by the image in Figure 5-23.

Figure 5-23: Montage of images obtained from the band of greater size seen in Lane

4, Figure 5-22. (Scale bars = 50nm)

The size and appearance of these fragments indicate that they are most likely dimers
formed by the annealing of the two loop regions to each other giving a secondary
structure at the centre of each fragment. This might occur due to the annealing of two
loop primers to one another during the PCR reaction and so may be unavoidable. The
issue raised by their presence is minimal as it was only a rare occurrence and it is
possible remove these fragments by using a gel extraction protocol to purify the
templates. Interestingly this was not seen for single promoter templates labelled with

the C-loop.
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The correct fragments purified from the 1% (w/v) agarose gel for both tandem and

convergent promoter templates had an average contour length of 392.10 nm (+1.72)

and 390.56 nm (+2.19) respectively when imaged by AFM. The distributions of

measurements are shown in Figures 4-24 and 4-25.
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Figure 5-24: Histogram plot of labelled tandem promoter DNA. (n=100)
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Figure 5-25: Histogram plot of labelled convergent promoter DNA. (n=101)

The percentage of molecules with a globular structure attached to the end was >70%

for both tandem and convergent promoter fragments. The feature had an average

height of 1.02 nm (+0.12) and a diameter of 18.56 nm (+2.1) for both fragments. This
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similarity in size and appearance to that of the labelled single promoter template
indicated that the PCR successfully amplified the 1144 bp two promoter DNA fragments
with the ssDNA loop attached to the end of the template for both convergent and

tandem promoter configurations.

5.4 Discussion

5.4.1 Labelling

The PCR based labelling reaction can be considered successful by the presence of a
single band when products were analysed by gel electrophoresis, that when analysed
by AFM had a globular structure attached to one end of the DNA. The use of a 5’-3’
exonuclease deficient Tag polymerase meant that the PCR was able to amplify the
parent strand of DNA without degrading the loop region of the primer. This result is
novel in the fact that PCR primers are specifically designed to contain no secondary
structures as this might interfere with the annealing and amplification stages of the
reaction [363]. The use of a reduced DNA extension temperature meant that the loop
was more likely to remain intact during the PCR, therefore preventing the Tag
polymerase from reading through the loop region of the primer and producing the
complementary sequence. The simplicity of PCR means that it is possible to perform
this labelling reaction with any DNA fragment as long as time is taken to design primers
and optimise reaction conditions to the template and prevent unwanted formation of

secondary structures.

The method used showed a labelling efficiency of >70% which shows an improvement
on the previous single round method used by Billingsley et al. which achieved a
labelling efficiency of 48% [5]. There is also a marked increase in the concentration of
labelled DNA produced leading to a higher yield after purification since this full PCR
method amplifies the template. The use of different homo-polynucleotide loop
sequences was able to show that for the poly(A, C, and T) there was no effect on the
formation of the loop and amplification, confirmed by the similarity in yield, efficiency
and appearance of loops in AFM imaging. For the poly(G) loop, a lower extension
temperature was required in order to produce an appropriate globular structure. The

original annealing temperature of 68°C only produced a labelling efficiency of 10%. The
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reason for this lower level of loop formation was not investigated in depth but it has
been shown that poly(G) stretches of DNA can form a number of structures that differ
from the standard B-form DNA. The most common of these structures are G-
quadruplexes, which are often seen in telomeric DNA [39]. Examples of possible

structures that could be formed are shown Figure 5-26 [364, 365].

Figure 5-26: Line drawings depicting possible structures that stretches of G bases

can adopt, directionalty is denoted by arrows. (adapted from [365])

It was not possible to discriminate particular G-loop structures under the AFM but if
these structures formed during the PCR, this could lead to amplification of unwanted
regions of the loop, leading to a loop not forming correctly and giving an increased
contour length and lack of end feature. A drop in extension temperature resolved this
issue indicating that the lack of the end feature displayed temperature dependence.
AFM imaging of G-quadraplexes has shown that they can form different structures such
as spurs, blobs or no visible structure at all, but this was not investigated in this study

[366].

The lack of a globular feature on ~30% of molecules analysed by AFM could be due to
a number of reasons. It has been seen through a number of studies that hairpin loop
structures have a relatively unstable nature. Hairpins have been shown to form and
break over time scale of milliseconds. These fluctuations have been seen to happen
for hairpins that are surface immobilised as well as free in solution [367-369]. The
closed state has been shown to be stabilised by higher NaCl concentrations. Even
though these fluctuations have mainly been tested with neck regions containing fewer

base pairs than in our loop primers, the low NaCl concentration used could mean that
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some of the fragments may have loops in an open structure when absorbed to the mica
surface as well as during the PCR reaction. Upon binding to the mica the flexibility of
the single stranded loop structure may mean that it is not tightly secured to the surface
or may lay in an orientation that is not readily visible to the AFM. This is supported by
studies performed by Ohta et al. on palindromic promoter elements from
Staphylococcus aureus HSP70 gene [370]. Using AFM analysis Ohta et al. were able to
show that the stem loop formed by the promoter was visualised as a globular feature
but only on 10% of templates analysed, indicating the inherent instability of these
structures. Investigations into the stability of DNA hairpin loops suggest that loops are
most stable when they contain 4 to 5 nucleotides and stability is lost for loops larger
than this [371]. It is also a possibility that when adsorbed to the mica surface the

orientation of the loop is such that it cannot be elucidated by the AFM tip.

The size and appearance of the loop is also consistent with previous AFM studies of
hairpin loops. Billingsley et al. used a loop of 20 nt to end label a DNA template and
reported a diameter of 20.5 + 0.5 nm and a height of 1.05 + 0.05 nm which is consistent
with the average height and diameter for all loop sequences measured in this study
(1.05 + 0.02 nm and 20.56 + 0.14 nm respectively) [5]. The structures in Ohta et al’s
study were composed of an 11 nt loop which displayed a diameter of 7+ 2 nm and a
height of 2.2 + 0.2 nm [370]. This observed diameter for a loop of half the number of
nucleotides supports the theory that the feature observed is a single stranded loop.
The height of the loop in Ohta et al’s studied is approximately double the height, but
this is expected as they believed that two stem loops were lying on top of each other,
which in turn would give a greater height [370]. A height greater than the backbone of
the DNA for hairpin loops was also noted by Duzdevich et al. when studying CAG
repeats related to Huntingdon’s disease [372]. Upon AFM analysis of samples regions
of greater height were noted extruding from the DNA backbone and were confirmed

as small hairpin loops by Mung bean digestion assay.

5.4.2 Effect of loop label on transcription

The labelling of the DNA was done to provide a polarity marker for analysis of

transcription complexes under AFM. Upon formation of OPCs there were two distinct
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classes of molecules. Those that had an RNAP located along the DNA backbone and
those with an RNAP located at one end of the template. Those that had an RNAP
located along the backbone of the DNA showed a contour length reduced by
approximately 33 nm for all loop sequences. This reduction in contour length is
expected to occur when the RNAP binds to its promoter and wraps the DNA as can be
seen in Figure 5-27 taken from Rivetti et al. [126]. This wrapping of the DNA has been
shown to involve approximately 90 bp of the DNA and Rivetti et al. reported a
reduction of 32 nm for the formation of an OPC at a A,r promoter [126, 294]. This
reduction in contour length along with the position of the RNAP determined by arm

length measurements indicate that these are OPCs.

Downstream DNA

Figure 5-27: Diagram of DNA wrapping in the formation of an OPC. The DNA
wrapped around the protein, which is depicted as a sphere, the promoter element
and the upstream and downstream elements involved in the wrapping are shown.

The angle by which the DNA is seen after wrapping is also noted on the diagram

[126].

This wrapping also leads to a distinct bend in the DNA at the binding site which was
also seen in the complexes analysed. The presence and position of the loop on the

longer arm confirm that the loop label has attached to the desired arm.

The second class of molecules with an RNAP bound to the end of the template did not

display this reduction in contour length. As no end feature was visible on the opposing
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end of the fragment it is reasoned that the RNAP was bound to the loop label. This
interaction is most likely due to a non-specific binding of the RNAP to the single
stranded region of the loop. This binding is not completely unexpected as end binding
of RNAP to DNA has been noted before but it is common practice to discount molecules
that show end binding [294, 373]. Due to the large population of complexes that
displayed this end binding (50% of complexes measured) for all of the loop sequences,
it was considered significant. cRNAP and core enzyme have both been shown to have
affinity for ssDNA as well as displaying some affinity for binding to hairpin loops [374,
375]. This affinity for ssDNA could be due to the increased flexibility of the DNA which
is a common property of DNA-protein binding sites as well as these regions resembling
melted DNA [110, 376]. Experiments investigating the binding of E.coli RNAP to
templates containing single stranded bubbles have shown that binding can occur
regardless of sequence, but is more likely for the core enzyme alone rather than the
holoenzyme [377]. Investigations by De Haseth et al. and Huang et al. were able to
show that binding of RNAP had a higher affinity for ssDNA than for promoter-less
dsDNA [375, 378]. Studies have reported through competition assays that this binding
occurred in a non-specific manner but was more stable than cRNAP bound non-
specifically to dsDNA [375, 376, 378]. When looking at the structure of an OPC as
shown in Figure 5-28 it can be seen that a ssDNA loop would be able to fit into the
binding site of the protein. These interactions are believed to be mediated through
electrostatic interactions with the negative ssDNA which can mimic polyanionic
inhibitors of RNAP such as heparin. Itis also possible that the holoenzyme may interact
through base interactions mediated by the sigma factor which contains a single
stranded binding region in region 2.3 of the sigma factor which is accessible when

bound by the RNAP core enzyme [378, 379]
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Figure 5-28: Figure showing a schematic diagram of an OPC. The sigma factor is
magenta, dsDNA is in green, the template strand is in dark green and the non-
template strand is in cream. The binding region that binds to the non-template

strand is in orange. Adapted from [380].

This binding may also be further assisted by the ssDNA binding sites within the o-factor
[379]. Callaci et al preformed experiments on the binding of holoenzyme to ssDNA. It
was observed that holoenzyme bound to non-specific DNA had a dissociation constant
of 11 uM, to randomized non-template strands with a dissociation constant of 17.6 uM
and a non-template stand with a dissociation constant of 0.5 uM [379]. This is in
comparison to the observed dissociation constant of 10.6 uM for holoenzyme binding
to template strand [379]. When considering the results after the addition of NTPs it is

evident that the RNAP is not able to dissociate from the loop structure.

After the addition of NTPs, the spread of contour lengths measured was greater than
expected. As previously mentioned this is most likely due to the presence of a number
of species within the population. As a high number of templates had at least one RNAP
bound to the end of the template and no loop visible it is assumed that elongation has
occurred into the loop and the RNAP is unable to dissociate from the template after
transcription. This is further confirmed by the RNA analysis performed on a C-loop
labelled template. The reduction in the level of RNA produced indicates that there is
undetectable levels of run off transcription and re-initiation. The stalling at the loop

structure could be due to a number of reasons. Zhou and Doetsch were able to show
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that when the transcription template contained a single stranded nick that E.coli RNAP
was only able to produce truncated transcripts, indicating that the RNAP is unable to
elongate past the nick [381]. The labelling reaction did not involve a subsequent
ligation so a single stranded nick would be left in the template on the template strand
of the DNA, which may cause the stalling at the loop. The loop itself may also lead to
the stalling. In the case of T7 RNAP stalling at cruciform and hairpin structures was not
noted, but stalling was seen for the eukaryotic RNAP Il [382]. The stalling seen was

reasoned to lead to one of the three situations shown in Figure 5-29.

NT(S_ TS (proximal) TS (distal)
,
\ /
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Figure 5-29: Consequences of hairpin loops or slipped strand structures on RNAP
elongation. Each case represents a different scenario, the left panel shows a loop
on the non-template strand (NTS) and the middle and right panel show

consequences of a loop on the template stand (TS). Adapted from [383].

The AFM data collected indicates that if the loop is causing the stalling then the
template strand distal mechanism is most likely. This is due to the fact that for stalled
elongation complexes (SECs) Rivetti et al. showed that DNA templates displayed a
shortening of 22 nm believed to be due to some wrapping being maintained in
elongation complexes [294]. This shortening of the template is not recorded in the
data which indicates that the RNAP has lost some or all of its wrapping. If the RNAP
has stalled “on” the loop then this shortening would not be expected to be as
pronounced. This may also account for the formation of complexes that have a greater
contour length than that seen for the bare DNA as the diameter of the RNAP is larger
than the loop and could therefore lead to a measurement of a longer contour length.
In the case of two RNAPs located at the loop after elongation, it is also possible that co-
operative action of a second RNAP could lead to shunting of the loop bound RNAP

leading to extension of the loop structure, giving a larger contour length. The final
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Chapter 5: High throughput labelling
mechanism by which stalling may occur is the formation of an overly stable RNA:DNA
hybrid between the homo-polynucleotide DNA and the RNA transcript. This structure

would be similar to those referred to as R-loops (Figure 5-30) [384].

Figure 5-30: Formation of a hybrid between the DNA and RNA transcript which can
lead to stalling of elongation. These structures are found at points and times when
there is opening of the DNA duplex, and so can be expected to be more likely if

transcription of the loop itself was to occur.

R-loops have been shown to lead to arrest and stalling of RNAPs in vitro but are
normally found at regions of high negative supercoiling that allow for invasion of the
RNA transcript into the DNA template [384, 385]. In the case of a single strand loop,
negative supercoiling would not be required as the RNA would be able to easily access

the DNA and base pair to form an RNA:DNA hybrid.

The success of the labelling and investigation into the effects of different loop
sequences helped inform the protocol for labelling the two promoter templates. The
choice of a poly(C) loop was intended to reduce any similarity to promoter sites, which
are often AT rich. The reaction was shown again to be successful producing a high yield
of labelled DNA. The production of dimers was unexpected as this was not seen with
the single promoter fragment but was not considered an issue as these dimers were

rare and easily removed by gel purification. The template length in base pairs before
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Chapter 5: High throughput labelling

addition of the loop is 1144 bp which gives an expected contour length of 377.5 nm
assuming a base pair rise of 0.33 nm/bp. With the loop attached the contour length is
13.8 nm greater than this length. The neck region of the loop adds 12 bp to the
template which would be approximately 3.9 nm. If this length is subtracted from the
radius of the loop it gives a radius of approximately 10 nm as was recorded for loops

attached to the 602 bp DNA template and by Billingsley et al. [5].

5.5 Conclusions

The aim of this work was to design a method for incorporating a nucleotide based end
label onto DNA fragments that was high throughput and produced high yields. The
increase in yield over previous methods as well the increased labelling efficiency shows
that this has been achieved. The method has been shown that it can be applied to
different templates using loops of all four nucleotides. The structure of the loop does
not show any change with the nucleotide used to form it. The only difference noted
between sequences was for the poly-G loop which required a lower extension

temperature during the PCR to produce a readily visible loop under AFM analysis.

The label itself was easily distinguishable from the DNA backbone as well as from RNAP
upon formation of OPCs, meaning that the polarity of the DNA can be easily recognised
under AFM analysis. The RNAP showed a high affinity for binding to the loop structure
which was unexpected and is believed to be a non-specific interaction due to a lack of
wrapping of the DNA. The loop proved to be an insurmountable blockage to elongation
by RNAP leading to stalling of the RNAP at the loop. This is not unexpected but the

exact mechanism by which this occurs could not be fully determined.

The high levels of non-specific binding to the loop are not unexpected as previous AFM
studies of RNAP have all shown that when imaging, a large number of complexes have
RNAPs bound outside the promoter in a non-specific manner. In order to address this
issue a method for incorporating non-specific inhibitor is presented in Chapter 5 with
data for the transcription of labelled templates possessing either tandem or

convergent promoters.
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6 Convergent and tandem transcription in
the presence of a non-specific binding

inhibitor

6.1 Introduction

RNA polymerase holoenzyme (cRNAP) must first locate its promoter to form a closed
complex and melt the DNA helix before being able to form a stable open promoter
complex (OPC). The mechanism by which RNAP locates its promoter has been shown
to be through three main mechanisms: hopping; sliding; and inter-segmental transfer
(Figure 6-1). There is also some evidence that under certain conditions it may undergo

3-dimensional diffusion which is also shown in Figure 6-1 [112].
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Figure 6-1: Diagrams displaying the suggested mechanisms which RNAP uses to
locate its promoter, RNAP is shown in purple and dsDNA in green. A) Shown are the
four possible mechanisms of promoter location hopping, sliding, inter-segmental
transfer and 3D diffusion. B) Diagram depicting how concentration of the protein

relative to its target can drive 3D diffusion [112].
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These mechanisms have been modelled and observed in a number of studies [292,
386-388]. In all these scenarios, there is a need for the RNAP to make contact with the
DNA. This contact means that the RNAP is able to use facilitated diffusion to locate its
promoter and this view is widely supported even though recent studies suggests this
may not be the case [112, 386, 388-390]. No matter which process leads to cRNAP
locating its promoter there is need to contact the DNA in a non-specific manner at some
point. The nature of this contact between the cRNAP, RNAP and DNA has not been
fully elucidated but is believed to be mediated by electrostatic interactions and
influenced by ionic concentration [112, 391]. Even though these interactions are non-
specific, they have been shown to have lifetimes of up to 3.3 seconds in bulk agueous
liquid and 600 seconds when complexes are deposited onto a surface such as mica, and
have dissociation rates ranging from 3.0-8.4 s": [106]. cRNAP and RNAP have also been
shown to have some affinity for blunt ends of DNA and from the labelling study
presented in Chapter 5 the RNAP clearly displays affinity for ssDNA. AFM provides only
a topographicimage of the sample surface and so it is not always possible to distinguish
the binding conformation of the protein. This can be highlighted by looking at images
of plasmid DNA containing two Apr promoters, incubated with RNAP holoenzyme as

shown in Figure 6-2.

Figure 6-2: AFM height image of plasmid molecules incubated with RNAP. It can be
seen that the plasmids are highly decorated by RNAP molecules even though the
plasmid contains only two promoters. Multiple protein-protein interactions makes

further analysis difficult. (Scale bar = 500 nm)
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As it can be seen the plasmid DNA has a high number of RNAPs associated with it,
making analysis difficult, if not impossible. The presence of RNAPs on the DNA may not
only be due to non-specific binding but also due to deposition of RNAP in close
proximity to or on top of the DNA which may be further accentuated by protein-protein
interactions. In a sample of OPCs it is possible to separate out non-specific binding
from specific binding by analysing the bend in the DNA, change in contour length and
template lengths but if the DNA has more than the expected number of RNAPs bound
this can lead to analysis being unfeasible, due to the DNA being obscured from the tip.
An example of a linear DNA fragment of 6136 bp with two promoters is shown in Figure
6-3, where it can be seen that those cRNAPs which miht be promoter bund cannot be
distinguished from those that are non-specifically bound. The use of contour length
measurements and bend angle measurements can help indicate those that lie at a

promoter, but in such a scenario uncertainty is high.

Figure 6-3: AFM height image of 6136 bp linear DNA containing two promoters. As
it can be seen there are a number of RNAPs bound along the DNA template, even
though bend angles and length can be measured these additional RNAP add

uncertainty and errors to measurements (Scale bar = 200nm)
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With shorter DNA fragments this non-specific binding may not be as prevalent and so
molecules that have more than the expected number of RNAPs associated with the
DNA can be discounted, but this means that the number of complexes analysed is
considerably less and analysis is overly time consuming. After the addition of NTPs,
elongation occurs and the non-specific binding has a more profound effect on analysis.
Once the RNAP has undergone elongation, DNA compaction and bend angles are less
pronounced meaning that non-specific bound RNAPs are harder to discern. There is
also the possibility that after elongation, if a RNAP reaches the end of the template and
“runs off”, the RNAP may be recycled and start a new search for its promoter. This
theory is supported by evidence that the o-factor can be recycled and lead to the
formation of new holoenzyme that is capable of undergoing a new promoter search
and subsequent rounds of transcription, as well as by recent studies indicating that the
o-factor may remain bound for certain RNAPs [135, 392]. Itis also possible that those
oRNAPs that are still free in solution may subsequently bind to a promoter leading to
multiple initiation and elongation events as well as there being evidence that RNAP
core enzyme is able to initiate transcription from blunt ends as well as from single

stranded nicks.

Previous studies on similar DNA fragments as studied in this thesis, carried out by
Crampton and Billingsley did not use an inhibitor to prevent non-specific binding and
re-initiation in AFM samples as this was the standard approach [194, 293]. In images
taken from [3] shown in Figure 6-4 it can be seen that non-specific binding was

prevalent, limiting the number of analysable complexes.
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Figure 6-4: AFM height images of transcription complexes taken from Crampton et
al. The images show that analysis is possible but high levels of non-specifically
bound RNAP are seen with the black arrows indicating complexes with the desired
number of RNAPs bound and the asterisks indicates those where an cRNAP is

bound to a blunt end of the template [3].

For both studies performed it was noted that RNAPs could not pass each other as was
further shown by Billingsley et al. through end-labelling of the DNA. The data indicated
that there was a high occurrence of long range backtracking or shunting seen for up to
70% of complexes [4]. The distribution of the separation between RNAPs after
elongation for unlabelled and labelled convergent promoter DNA templates and

tandem promoter templates are shown in Figure 6-5.
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Figure 6-5: Histogram plots of the inter-RNAP contour length taken from Billingsley
et al [293]. It can be seen that for all cases the histograms display a range of the
inter-RNAP contour lengths with a peak at approximately 40 nm. A) Inter-RNAP
contour length for convergent promoter DNA after elongation (n = 62). B) Inter-

RNAP contour length for tandem promoter DNA after elongation (n = 65). C) Inter-
RNAP contour length for labelled convergent promoter DNA after elongation (n=

91).

As it can be seen from the graphs shown in Figure 6-5 the distance between RNAPs has
a negatively skewed distribution with a range of distances present. The distribution of
distances and locations of the RNAPs on the template can be explained by backtracking
events but without any method of distinguishing from RNAPs that are bound non-
specifically or currently undergoing a new transcription cycle to those that have
undergone elongation, this conclusion cannot be confirmed with a high degree of
accuracy. The large range of distances could be explained by non-specific binding due
to its random nature. The distribution of RNAPs pairs on the template also displayed a
random nature and this can be seen when the positions of RNAP pairs were plotted as

a percentage of the total template contour length (Figure 6-6). The contour lengths of
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the designated arm (short or long) to the nearest RNAP were organised in ascending
order and the position of the second RNAP was plotted in relation to the first RNAP.
This therefore provides a plot displaying the distance of each RNAP from each arm and

the distance between each RNAP pair.
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Figure 6-6: Scatter plots of RNAP positions after elongation from convergent
promoters collected by Billingsley et al. The RNAP originating from the long arm
promoter (loop labelled arm) is shown in black and the RNAP originating from the

short arm promoter in red. The left plot shows the RNAPs originating from the long
arm promoter plotted in ascending order from the loop to the short arm while the
plot on the right shows RNAP originating from the short arm promoter plotted in
ascending order from the short arm to the long arm [4]. The distribution of RNAP
pairs on the template can be seen to have large number of RNAPs located upstream
of the promoters, which was believed to have occurred due to shunting of an

inactive RNAP by an active RNAP.

The plots show that a large number of RNAP pairs are positioned upstream of the
promoters as stated by Billingsley et al. but the distribution of RNAP pairs over the
template is also quite random in nature. This uncertainty in the validity of
measurements requires a further examination of collision events in the presence of an

inhibitor of non-specific interactions.

The occurrence of crowded DNA fragments due to overlaying of protein and DNA can
be overcome by ensuring that samples are sufficiently diluted before deposition,

allowing for protein and DNA-protein complexes to be evenly distributed over the
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surface. The problem of non-specific binding and re-initiation is more complex. There
are number of methods to reduce and prevent non-specific binding of proteins, but
due to the sensitive nature of AFM and surface deposition kinetics these methods are
not all viable for producing samples suitable for AFM analysis. One of the simplest
methods to reduce non-specific interactions is to increase salt concentration or ionic
strength of the buffers used which leads to decrease in the net electrostatic potential
of the DNA. It is noted that the rate of promoter binding decreases with increased salt
concentration [393]. This change would mean that for in vitro transcription reactions
to be analysed by AFM there would be a low number of OPC for analysis. The effect of
monovalent salts at high concentration can also alter the binding of the DNA and DNA-
protein complexes to the mica surface and so may not be feasible for use in AFM [103,
394-396]. This would also not solve the issue of multiple rounds of transcription
occurring. The most common method used in biochemical assays is the addition

heparin to samples after the formation of OPCs.

Heparin is a polyanionic polysaccharide of the glycosaminoglycan family which includes
the closely related macromolecule heparan sulphate (HS). Both heparin and HS are

linear polysaccharides made up of the same monosaccharides shown in Figure 6-7.
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Figure 6-7: Monosaccharide building blocks that make up heparin and HS.
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The overall structure of heparin and HS can vary due to their non-templated production
[397, 398]. Both heparin and HS are produced in the same manner and are made up

of two repeating disaccharide units (Figure 6-8).

080~ OR
—0 o) 0, o) 0
cO, 0 N r\o
J OH JN OH LO IN\OH JN OR 1‘\0
0804~ NHSO;~ OR NHR'
R=HorSO;"

R' = S0;” or COCH,

Figure 6-8: Repeating disaccharide units that make up heparin and HS.

Heparin is produced by mast cells and has a molecular weight range of 60-100 kDa
but when purified for biochemical uses has a size distribution of 12-15 kDa as purified
from porcine intestine. HS is produced by all cell types and is produced attached to a
protein core to form a proteoglycan. Free chains of HS are rarely found in vivo but can
be purified from bovine kidney cells free of the attached protein. The molecular weight
of HS has a similar range to that of heparin, but the average molecular weight of
purified chains is slightly higher at approximately 20 kDa and is less well characterised
than heparin. The major biochemical difference between HS and heparin is the number
of GlcN-sulphate groups that occur. Porcine mucosa heparin chains have
approximately 88.6 sulphate groups per 100 disaccharide units with a ratio of GIcNS
to GIcNAc of around 4 to 1 [398]. HS purified from bovine kidney has 30.8 N-sulphates
per 100 and ratio of a ratio of GIcNS to GIcNAc of around 1 to 1 [398]. Both molecules
have homologous structures and often are considered to display the same properties,
and used as models of each other when necessary. Heparin and HS chains adopt one
of two right handed helical structures with a 1.63-1.73 nm tetra saccharide sequence

shown in Figure 6-9.
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Figure 6-9: Stick and space fill models of the two main conformations adopted by
heparin and HS. A and B are the conformation adopted when all the 2-O-sulfo-a-L-
iduronic acid groups are in a 2So conformations. C and D show the structure
adopted when the 2-O-sulfo-a-L-iduronic acid groups are in a 1C;arrangement.
Below is shown the iduronic acid in the two different conformations. Image

adapted from reference [399].

As is shown in Figure 6-9 heparin and HS can adopt different conformations. These
refer to the pyranose ring of the iduronic acid [398]. The iduronic acid pyranose ring
exits conformational flexibility and this is one reason why both heparin and HS are able
to bind such a vast number of proteins [398]. Heparin and HS have a number of
functions in vivo and heparin is a common pharmaceutical agent. Heparin is
predominately used as an anticoagulant, but due to its varying structure can perform
a wide range of functions [397]. The use of heparin for in vitro transcription assays is
due to the fact that its structure is similar to that of DNA as well its polyanionic nature.
Both DNA and heparin/HS have a negatively charged backbone and adopt a helical
structure. Heparin/HS have a residue rise of 0.4nm in comparison to 0.34nm for DNA.
Both are able to mimic DNA and bind to RNAP via its DNA binding domain located in
the active site [400]. The similar structure of HS means that it is also able to bind to
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DNA binding proteins in the same manner but is not commonly used due to its less well
characterised chemical composition.. The binding of heparin/HS occludes the DNA
from the active site therefore preventing the formation of OPCs. If an RNAP has already
formed an OPC, then heparin/HS are unable to bind as they cannot gain access to the
binding site [400]. This means that heparin/HS are able to bind free RNAP molecules
that have not formed OPCs, non-specifically bound cRNAP, and RNAPs that have
undergone elongation and are recycled for subsequent rounds of transcription [142,
400, 401]. This sequestering of free and non-specifically bound RNAPs has meant that
heparin is used as a competitor in in vitro transcription reactions to ensure that only
RNAPs that have formed OPCs, and therefore those that are actively transcribing, are
being studied. The prevalent use of heparin as a competitor in biochemical assays
suggests that heparin would be a good choice for AFM experiments, solving non-
specific binding events and preventing re-initiation and multiple rounds of
transcription. However, addition of heparin into AFM samples has not been performed
to date due to the potential risk of heparin interfering with the binding of DNA to the
surface, with researchers preferring to perform bulk biochemical assays only with
heparin present [127]. Heparin is believed to inhibit the binding of DNA to the surface
which is a reasonable assumption due to its highly anionic structure. The use of HS
instead of heparin has not been investigated to date but it is expected to exhibit similar
effects, due to its similar structure and chemistry. HS has a lower level of sulphonation
as well a different chain length and so may interact with the mica surface in a different
manner. As both are capable of inhibiting non-specific binding of RNAP both were

considered for incorporation into samples.

Some studies of transcription have utilised heparin attached to Sepharose beads
[319]. Even though this method would remove any non-specifically bound RNAPs after
formation of OPCs, it would not prevent re-initiation events due to the lack of a

competitor in the reaction during and post transcription initiation.
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6.2 Results

6.2.1 Incorporating heparin into AFM samples

Heparin or HS have not been widely used for AFM samples due to a reasonable
hypothesis that the highly negative charge of polysaccharide chains will compete with
or prevent binding of the DNA to the mica surface. Rivetti et al. utilised heparin in
samples for investigations into the wrapping of DNA by RNAP upon formation of OPCs
even though in later papers heparin was considered to not be compatible with AFM
analysis [126, 127]. The other potential disadvantage of using heparin or HS free in
the sample is that RNAP not bound to DNA will remain in the solution even when

inhibited and so may still overlay the DNA or contact the DNA.

Rivetti et al. used 200 pug/ml heparin in OPC samples containing 600 fmol of RNAP
holoenzyme in transcription buffer to ensure heparin was in molar excess [294]. This
protocol was the basis of the protocol used here. The appearance of heparin and HS
on mica was first investigated as a control. Heparin or HS was added to 10uL of
transcription buffer at final concentration of 200ug/ml or 1000ug/ml before being
diluted 1 in 10 in imaging buffer. This was then deposited onto mica and incubated for
3 minutes, rinsed with dH,0 and dried with nitrogen before imaging. Both heparin and
HS were found bound to the surface with heparin having a greater coverage of the

surface, while HS was seen to be dispersed over the surface (Figure 6-10).
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Figure 6-10: AFM phase and height images of heparin and HS deposited on mica. It
can be seen that heparin is not visible in the height image when at high
concentration but can be seen in the phase image. The appearance of heparin and

HS differ with HS having a more dispersed appearance (Scale bar = 200 nm).

The binding of heparin and HS to the mica is not surprising as with DNA, the Mg* ions
most likely help to bridge between negative charges [270]. The difference in
appearance between the two molecules may be due to the levels of charge or the
differing chain lengths and flexibility. Next the influence of heparin and HS on the
binding of DNA to mica was investigated. 200 fmol of DNA was added to 10uL of
transcription buffer with heparin or HS at final concentration of either 200ug/ml or
1000pg/ml. These were then prepared for imaging as in previous samples. Upon
imaging it was found that the surface with both inhibitors displayed a number of
different morphologies. Some of these appeared random in nature with no DNA

visible.

146



Figure 6-11: AFM height images of random structures formed by DNA and heparin
(A) or DNA and HS (B) deposited onto mica. The images on the left were taken at a
concentration of 200ug/ ml while the images on the right had 1000ug/ml of heparin

or HS (Scale bars = 500 nm).

These areas were randomly dispersed over the surface of the mica, and may be formed
due to the DNA not equilibrating onto the surface correctly and then upon drying,
becoming condensed. Areas containing regions of closely packed DNA were seen for
both HS and heparin at 1000ug/ml with what was assumed to be a network of DNA and
heparin or HS (Figure 6-12). The DNA in the HS samples was much more visible but
these structures were not securely attached to the surface and were easily detached

by the motion of the tip.
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Figure 6-12: AFM images of DNA with heparin or HS deposited on mica where
closely packed DNA can be seen. The quality of the images is low due to the

difficulty in imaging the loosely attached structures (Scale bars = 500 nm)

This morphology could be caused by the DNA lying on top of areas of adsorbed HS. The
DNA can be seen in the height and phase images but are not easily analysed due to the
high surface roughness. At low concentrations of heparin and HS some areas of the
mica did have visible DNA bound to the surface (Figure 6-13). These areas were more

common and clearer with HS added as compared to heparin.

Height *“* Phase

Figure 6-13: AFM height and phase images of areas where DNA was visible but not
clear. It can be seen from the phase images (right) that for both heparin (A) and HS
(B) containing samples, the DNA has what appears to be the inhibitors bound to the

mica surface around or underneath the DNA. (Scale bars = 200 nm)
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The final regions seen were those where DNA was clearly visible and appeared similar
to control samples of DNA (Figure 6-14). These areas did show a higher density of DNA
than the control sample and this increased with HS or heparin concentration. The

amount of DNA seen in these regions was greater for heparin as compared to HS.
T Heparin | HS 200pug/ml
200ug/ml

Control .

Heparin
1000ug/mi

HS 1000ug/mi

Figure 6-14: AFM height images of regions of closely packed but visible DNA seen
for samples with heparin or HS. A control sample containing the same amount of

DNA but no inhibitor molecule is shown in the centre (Scale bars = 500 nm).

Next, the effect of heparin on adsorption of RNAP holoenzyme alone was tested.
Samples were prepared containing 400 fmol of RNAP holoenzyme and 200ug/ml of
heparin or HS in 10uL transcription buffer. These were diluted 1 in 10 in imaging buffer
before being deposited and dried for imaging. It was seen that with the addition of
both heparin and HS the number of small aggregates of RNAP decreased. Molecules
of RNAP were counted using the particle detect feature of the Nanoscope software.

This features detect particles by using the pixel height. An upper limit of 35 nm for
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diameter was used to determine aggregates. The software was used to detect any
features above a height of 2 nm. After detection molecules that had not been detected
by the software were manually added. Aggregates incorrectly detected where
discounted manually. The number of aggregates and singular RNAPs for each sample

are shown in Table 6-1. The number of RNAPs in four 2 um? images was counted for

each sample.
Sample n (number of Single RNAP Aggregated RNAPs
images) molecules
Control 5 159 + 20 42+4
Heparin 5 516 £ 26 264
HS 5 557 +£53 264

Table 6-1: Number of RNAPs bound to the surface as singular RNAPs or aggregates

in the presence of heparin or HS.

It can be seen that the presence of heparin or HS leads to fewer aggregates being found
on the surface as well as a higher number of RNAPs visible overall. The binding of RNAP
to the surface is not inhibited by either heparin of HS, and the data indicates that its

binding may be increased by the presence of the polyanionic molecules.

As RNAP was seen to be able to bind the mica in the presence of heparin and HS the
effects on DNA-RNAP complexes was investigated. In order to provide comparison to
the previous experiments performed by Rivetti et al. and Crampton et al. without
heparin or HS present, a similar two promoter template without a label was used to
form OPCs in the presence of heparin or HS. OPC s were formed as detailed in Chapter
3 using 1144 bp DNA templates containing two tandem promoters. After incubation
at 37°C for 15 minutes heparin or HS was added to a final concentration of 200 pg/ml.
The samples were then incubated at room temperature or 37°C. Complexes were
imaged by AFM and analysed. Very few DNA-RNAP complexes were observed in
samples incubated to 37°C (Figure 6-15).
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Heparin

Figure 6-15: AFM height images of OPC complexes heated to 37°C in the presence of
heparin or HS. There are very few RNAP molecules visible on the surface and very

few DNA molecules that have RNAP bound (Scale bars = 500 nm).

With samples incubated at room temperature this was not the case: much higher
amounts of OPCs were observed in these samples. The percentage of molecules with a
single OPC formed, two OPCs formed and non-specifically bound RNAPs bound were

determined by measuring the full contour length and counted (see Table 6-2).
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Sample

Single OPC

(nm)

Two OPCs

(nm)

Non-specifically bound

(nm)

-heparin / - HS
(n=236)

30 % (356.4 + 1.5)

17 % (331.4 + 1.8)

53 % (382.9 + 1.3)

+ heparin

(n=200)

60 % (350.2 + 1.4)

22 % (328.5 + 1.8)

17 % (379.4 * 6.5)

+ HS
(n=233)

33 % (358.4 £ 1.0)

51 % (328.3 £ 0.9)

14 % (379.5 £ 2.9)

Bare DNA
(n=102)

380.16 £1.2

Table 6-2: Percentages of complexes formed without an inhibitor and with heparin

or HS. The contour lengths of molecules are also shown with single OPCs showing a

decrease in contour length of approximately 25 nm, double OPC a decrease of 51

nm and the non-specifically bound DNA showing no decease.

The addition of both heparin and HS reduces the level of non-specific binding observed.

It was also noted that when heparin or HS was present, non-specific binding was mainly

limited to the ends of the template, whereas without either inhibitor a number of

aggregated complexes were seen. This can be seen in the AFM images shown in Figure

6-16.
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Figure 6-16: AFM height images of OPCs formed on tandem promoter DNA without

any inhibitor (top) and with heparin (bottom left) or HS (bottom right). The images
have been annotated with an S to signify those with single OPCs, a D to signify
those with two OPCs and an N to signify those that have non-specifically bound

oRNAP (Scale bars = 500 nm)

It can be seen also that with the addition of heparin or HS that there is an increase in
bare DNA in comparison to samples without either heparin or HS. This is expected as
both RNAP binders reducing non-specific interaction of RNAP with DNA. As the HS
sample contained the greatest amount of two OPC complexes it was decided that HS

was preferable to heparin for the study of concurrent transcription events.
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The protocol for HS challenged samples involved the formation of OPCs as previously
described in Chapter 4 and then straight after removal from incubation at 37°C, HS
from bovine kidney (Sigma, Saint Louis, MO) with an average molecular weight of 20
kDa was added to a final concentration of 200ug/ml and the sample was incubated at
room temperature for 15 mins. Afterwards it was diluted by a factor of 10 in imaging
buffer before being deposited, rinsed and dried as described previously, or had

transcription initiated as detailed in Chapter 4.

6.2.2 Investigation into transcriptional collisions for E.coli RNA

polymerase in the presence of heparan sulphate
With the development of a method to incorporate heparin into in vitro transcription
reactions that was compatible with AFM, this method was applied to samples with
template DNA harboring two promoters. The two arrangements investigated were
convergent and tandem promoters. These give rise to the possibility of transcriptional
interference (TI) caused by the interaction between two RNAPs transcribing the same
template. By taking samples at the different time points in in vitro transcription
reactions, OPC and post elongation, and depositing them onto mica, it is possible to
use AFM to track the outcomes of transcription events from these promoter
arrangements. This is achieved by using the high spatial resolution and high signal-to-
noise in the AFM to map the positions of RNAP molecules on the template. Itis possible
to use the AFM to provide snapshots of transcription events by measuring the change
in position of RNAPs for OPCs to elongating complexes (ECs). Contour length
measurements along the DNA backbone are taken from the images, to give RNAP
positions on the DNA template and RNAP-RNAP (inter-RNAP) contour length
separation as well as inter-rnap distances from cross sectional analysis of the 3-
dimensional topographic data. The lengths of the different parts of the template can
then be compared between OPCs and ECs. The templates and measurements possible

are schematically highlighted in Figure 6-17.
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Figure 6-17: Diagram of the DNA templates with RNAPs bound at their promoters.
A) Convergent promoters are shown with the RNAPs bound to the promoter site. B)

Tandem promoter arrangement. (DNA= black, RNAP= blue and promoter = red)

Previous investigations into Tl using AFM by Billingsley et al. and Crampton et al. using
similar templates without the same labels or added heparin, as well as studies utilising
other techniques such as footprinting experiments by Hobson et al., have shown that
in vitro RNAPs are not able to pass each other in either promoter arrangement and
remain stable on the DNA template [4, 194, 201, 202, 318]. The use of the fiducial
marker allows the starting point of each RNAP to be determined in ECs as RNAPs have
not been observed to pass. This along with the removal of non-specifically bound
RNAPs by incorporating heparin means that outcomes of Tl when two RNAPs are acting

on the same template can be investigated with more confidence and in more detail.

6.2.3 Labelled convergent promoter templates

Firstly OPCs were formed on a convergent promoter template using E.coli RNAP
holoenzyme before being challenged with HS as previously described. These
complexes were imaged using AFM (Figure 6-18) and those that had two RNAPs bound

to the template were analysed.
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Figure 6-18: Montage of images showing OPCs formed on the convergent promoter
template. The top images show a wide scan with OPCs marked with a black star,

the images below are high resolution views of OPCs. (Scale bars = 50 nm)

Measurements were made of the arm lengths and inter-RNAP separation in order to
determine whether the RNAPs were located at the promoter sites. The contour length
measurements were plotted as percentages of the total contour length as shown in
Figure 6-19 on the y-axis. Along the x-axis is the count of each measurement (RNAP
Pair). Each count position denotes two RNAP molecules one shown in red and the
corresponding RNAP bund to the same template in black. When arranged like this it
can be seen that for the vast majority of complexes analysed, the RNAPs are bound at

the expected promoter sites which are located at approximately 0.32 for the short arm
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(loop labelled arm) promoter and 0.37 for the long arm promoter from the template
ends, indicated by the blue dashed lines. The average position of the RNAPs at the loop
arm promoter was 0.67 = 0.02 (0.33 from the end of the template) and the average

position of the RNAP located at the long arm promoter was 0.37 £ 0.02.
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Figure 6-19: Scatter plot of template position for each RNAP pair. The expected
position of the promoter sites are denoted by the blue dashed lines. It can be seen
that the majority of RNAPs have bound in the region of the promoter, indicated by

the tight grouping of points at the promoter position.

In order to further confirm that these complexes were in OPCs, the total contour length
was compared with that of the bare DNA template. A shortening of 52.9 +3.2 nm in
the contour length was recorded, which is expected due to the wrapping of the DNA
around the RNAP upon formation of two OPCs. This shortening falls in the range
expected, with one RNAP being shown to reduce the contour length by 27.5 £+ 4.0 nm

[126]. Figure 6-20 shows histograms comparing the change in contour length.
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Figure 6-20: Histogram plots of bare DNA and OPC total contour length. It can be
seen that there is definite shift seen in the position of the peak value upon

formation of OPCs (n=100 for bare and n=270 for OPCs)

The wrapping of the DNA upon formation of OPCs also leads to a distinct bend angle in
the DNA which can be easily distinguished by eye, allowing for selection of complexes
that had formed two OPCs [126]. To access the effects of adding HS, complexes were
designated specific classes: double OPC complexes; single OPC complexes; randomly
bound RNAP or greater than two RNAPs bound. The percentages of each were as
follows: 56% for double OPCs; 27% single OPCs; 17% with randomly bound or more
than 2 bound RNAPs. The number of DNA molecules with no RNAP bound was not
counted due to their high number. In comparison to studies by Crampton et al. and
Rivetti et al. approximately 20% of DNA molecules seen were bare, the number
observed here outnumbered the RNAP bound DNA [3, 126]. This increase in bare DNA
when considered with the low levels of RNAP bound at sites outside of the promoters

suggests that HS is having the desired effect of decreasing the number of non-
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specifically bound complexes. It has been seen that for studies utilising a template with
two Apr promoters arranged in tandem, that binding to one promoter is prevalent,

Rivetti et al. noted 50% of complexes had only a single promoter site occupied [126].

The arm lengths for the complexes recorded as having two OPCs is shown in Figure 6-

21.
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Figure 6-21: Histogram plot of OPC arm lengths. The distribution of lengths for both

arms highlights the difference between the initial lengths of the two arms. (n=270)

The arms are different lengths and the shorter arm is marked by the single stranded
loop, meaning that determination of RNAP positioning is easily discerned.

Once it was confirmed that OPCs were formed on the DNA, elongation was initiated as
described in Chapter 3, by the addition of all four NTPs. Samples were then imaged by
AFM and templates with two RNAPs still attached were analysed. It was observed that
the full contour length of the DNA increased from that measured in OPCs by 32.3 + 3.1
nm. In comparison to the length of bare DNA, this is a decrease in contour length of
20.6 + 3.0 nm. This increase is believed to occur due to reduced wrapping of the DNA
around the RNAP once elongation has been initiated and RNAP has lost contact with

the promoter.
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The arm lengths measurements showed an increase in the length whereas the average
inter-RNAP separation measurements showed a decrease. This is as expected as both
RNAPs are moving towards the centre of the template. The contour lengths of each

measurement for OPCs and elongated complexes are given in Table 6-3.

Inter-RNAP Total
Long arm Loop arm
Sample n contour contour
(nm) (nm)
length (nm) length (nm)
OoPC 270 1279+0.8 100.1+0.6 113.4+0.6 3415+1.0
Elongated 284 178.3+3.2 359+1.38 153.6+3.1 369.8+2.1

Table 6-3: Summary of measurements for convergent promoter complexes.

The majority of complexes analysed (96%) had two RNAPs in close proximity to each

other (Figure 6-22). These complexes were identified as collided complexes (CC).

Figure 6-22: Montage of images showing collided complexes. The images show that
the RNAPs are in close proximity to each other while remaining bound to the

template, indicating these are the outcomes of elongation. (Scale bars for top= 100

nm, centre and bottom images = 50 nm).
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In order to investigate the nature of collision events further, the inter-RNAP contour
ength between complexes that had two RNAPs located on the template was measured.
Figure 6-23 shows a plot of the inter-RNAP contour length from OPCs and elongated

complexes.

0.40

0.30- N | Y] OPC inter RNAP

0.20

0.10

0.00 : £ —_ . T T

0.501 | © Elongated Inter RNAP
0.40-

Normalised Frequency

0.30
0.20
0.10

0.00 T S E—

0 50 100 150 200 250
Inter-RNAP contour length (nm)

Figure 6-23: Histograms comparing inter-RNAP contour length for OPC and
elongated complexes. It can be seen that there is decrease in the average value
after the addition of NTPs, indicating that RNAPs have undergone elongation and

collided (n for OPCs = 270 and n for elongated complexes = 284).

There is an obvious decrease in the separation between the two RNAPs after addition
of NTPs and elongation has occurred, indicating that the majority of RNAPs have left
their promoters and travelled in the expected directions, stalling on the template with
an average separation of 35.9 £ 1.8 nm. A Gaussian fit of the histogram gave a value

of 26.8 £ 0.2 nm (Figure 6-24).
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Figure 6-24: Gaussian fit of inter-RNAP contour length of elongated complexes

(n=284).

The outlying points in the histogram of inter-RNAP contour length are most likely due
to complexes where both RNAPs have failed to escape the promoter or due to low
levels of RNAPs overlaying the DNA template therefore appearing as if bound. In order
to provide greater detail into the separation of RNAPs that were in close proximity the
straight line distance between the highest point of each RNAP was measured

(intermolecular distance) and plotted as a histogram (Figure 6-25)
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Figure 6-25: Histogram of inter-RNAP distance. A Gaussian fitted curve is shown in

blue with values of the fitting shown in the inset table (n=284).
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As the intermolecular distance between the RNAPs does not take into account the path
of any DNA between the two RNAPs those that had DNA visible are expected to display
a shorter distance than the inter-RNAP contour length. In the case of RNAPs that are
in close proximity and appear convoluted it provides a more accurate measurement of
the distance between the two RNAPs. When in close proximity, tip convolution can lead
to uncertainty when measuring the centre of both RNAPs as is shown by the diagram

in Figure 6-26.

2-dimensional projection
seen in AFM height image

Actual separation seen by
peak to peak distance.

26 nm

Figure 6-26: Diagram depicting the effects of tip convolution of inter-RNAP
separation. The appearance of two RNAPs located in close proximity in two —
dimensions from an AFM height image is shown in black. The centre of the feature
is shown not to be the true centre of both RNAPs as is shown by the schematic
representation below (image drawn to scale assuming a RNAP diameter of 32 nm in

the AFM height image and an actual diameter of 14 nm for an RNAP molecule).

The average inter-RNAP distance was 16.6 + 0.8 nm which is lower than measurements

taken of the contour length from the 2-dimensional images. Fitting the plot to Gaussian
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distribution gave a value of 13.7 £ 0.1 nm. This distance is more in keeping with that

expected for two RNAP molecules in hard contact.

By plotting the position of each RNAP as a percentage of the total template length the

distribution of complexes on the template can be seen (Figure 6-27).
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Figure 6-27: Scatter plots of positions of RNAP pairs as a percentage of the total
contour length of the template. On the left the RNAPs originating from the long
arm are plotted in ascending order towards the short (loop) arm. On the right the
RNAPs from the short arm are plotted in ascending order away from the short

(loop) arm.

By looking at the distribution of RNAPs the molecules can be further broken down into
classes: 1) those pairs that have both RNAPs located within the inter-promoter region
with both RNAPs in close contact; 2) those that have a small inter-RNAP separation and
have one or both RNAPs located outside the inter-promoter region; 3) those with both
RNAPs separated by a distance equal to or greater than that observed in OPCs.
Schematic representations of these classes are shown in Figure 6-28 with the

respective percentage of each class.
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Figure 6-28: Schematic representation of different classes of complexes seen for

transcription from convergent promoters.

Class 1 molecules had a contour length separation of 30.6 £ 0.9 nm. By analysing arm
lengths it was found that the RNAP originating from the short (loop) arm had travelled
an average of 30.9 £ 1.3 nm or 100 bp and the RNAP originating from the long arm had
travelled an average of 49.9 + 1.4 nm or 151 bp. The position of these complexes in
the centre of the template indicate that these are the outcome of two actively

transcribing RNAPs colliding with each other and stalling.

Class 2 complexes had a contour length separation of 29.3 + 1.6 nm. The location of
the RNAP pairs were relatively evenly distributed between the short and long arms with
49 % being located at the long arm promoter and 51 % at the short arm promoter. Arm
length analyses showed that RNAPs located upstream of the long arm promoter had
moved an average of 37.9 + 5.0 nm. For RNAPs initiating from the short arm promoter
the RNAP from that promoter had moved 25.8 + 3.4 nm upstream. These distances are
equivalent to 80 £ 10 bp for the short arm RNAP and 110 + 14 bp for the long arm RNAP.

If the percentage of the template travelled upstream from the promoters is plotted as
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a histogram (Figure 6-29) it can be seen that the majority of RNAPs only travel a value

between 0.050 to 0.064 upstream of the promoter.

0.42
03s] | Y] Long arm backtracking |

0.33
0.29 1

0.25 1 §

0.21 1
0.17 1

0.13
0.08 § §§
0.00 T T T T

-0.3 -0.2 -0.1 0.0

N Short arm backtracking

0.50

0.40 + §

0.30 1

0.20 1 §

0.101 N
N ESAENSEN

-OI.3 -d.2 -d.l 0.0
Percentage backtracked

Normalised frequency

Figure 6-29: Histogram plot of the movement upstream of the respective promoter
travelled as a percentage of the total contour length for both long arm (blue) and

short (red) arm promoters.

This would equate to a backwards movement of 17-22 nm or 50 to 60 bp. The location
of these complexes around the promoter region as well as upstream of the promoter
leads to the interpretation that they are the outcomes of a collision between one RNAP
that has elongated through the inter-promoter region and collided with the other RNAP
while it is located at its promoter. It is noted though that the distances measured are
at the limit of resolution for the AFM and some contour length may not be equated for

due to tip convolution effects.

Class 3 complexes displayed a separation that was equal to or greater than that seen

in OPC samples. The rare occurrence of such complexes (4 %) is most likely because
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they are artefacts of either non-specific binding events or are complexes in which both

RNAPs have failed to escape the promoter and initiate elongation.

6.2.4 Transcription of tandem promoter template

The above experiments were repeated for a DNA template containing two tandemly
arranged promoters with the direction of elongation being towards the loop.

For the tandem promoter template, OPCs were set up as described in 5.2.3. These

complexes appeared similar to those seen for the convergent promoter template,

examples of which are shown in Figure 6-30.

Figure 6-30: Montage of images showing complexes with two OPCs formed on the

tandem promoter template. (Scale bars = 50 nm)

Populations of complexes in specific arrangements were counted and are as follows:
57% had double OPCs; 31% had a single RNAP OPC; 12% displayed random or more
than two RNAPS bound to the template. These values agree well with what was seen
for the convergent template. Again the amount of free DNA seen in the images was in
excess and not counted.

A decrease of 57.9 £ 3.9 nm in the DNA contour length was seen for those complexes
that had two RNAPs bound which is expected due to the wrapping of the DNA upon
formation of an OPC [126].
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Once it was observed that OPCs could be formed on the tandem template, all four NTPs
were added to the reaction mix in order to initiate elongation. Post elongation samples
were imaged to determine the outcomes of tandem transcription in the presence of
HS. It was found that for the majority of complexes there was a decrease in the average
length of the arm downstream of both promoters and an increase in arm upstream of

both promoters as compared to templates with OPCs (Figure 6-31).

Figure 6-31: Montage of AFM height images of RNAPs after elongation from two

tandem promoters (Scale bars = 200 nm)

There was also a decrease in the average inter-RNAP contour length. This is consistent
with the majority of the RNAPs escaping from their promoters and elongating towards
the loop end, but the RNAPs come closer together than the promoter spacing. These

measurements are given in Table 6-4.
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Total
Long arm Inter RNAP Loop arm

Sample n contour
(nm) (nm) (nm)
(nm)
OPC 149 130.0+0.7 93.7+0.9 114.4+0.8 338.1+t1.4
Elongated 206 237.3+43 66.0+3.5 57.8+2.7 361.1+1.75

Table 6-4: Summary of measurements for tandem promoter template.

As can also be seen from Table 6-4 that there was an increase observed in the overall
contour length of complexes measured when compared to templates with OPCs
formed, of 23.1 £ 3.2 nm, which is expected due to the reduction in wrapping seen
upon escape from the promoter (Figure 6-32). This equates to a decrease in contour

length from the bare template of 34.8 £ 3.5 nm.
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Figure 6-32: Histogram plot of total contour length of OPCs (black and red, n=149)
and elongated complexes (orange and green, n=204). The plots have been overlaid

with a normal distribution to allow better visualisation of their differences.

The decrease in the inter-RNAP contour length seen along with the average decrease
in the loop arm indicate that the majority of RNAPs have escaped from their promoters
and transcribed towards the end of the template. The average length of the loop arm

indicates that the majority of complexes have not reached the loop, but have stalled
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outside of the inter-promoter region. If both RNAPs were found to be at the loop, the
contour length would be expected to be equivalent to that seen for the single promoter

template, where no compaction of DNA after elongation was seen.

The average contour length of inter-RNAP contour length was 65.9 £ 3.5 nm and inter-

RNAP distance gave a separation of 49.3 £ 2.7 nm.
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Figure 6-33: Histogram plot of inter-RNAP contour length with a Gaussian

distribution fitted to the main peak (n=204).

The histogram plot of the inter-RNAP contour length (Figure 6-33) was fitted with a
single Gaussian peak which had a value of 34.3 + 1.3 nm. This peak is most likely
represents those RNAPs which have undergone a collision due their close proximity. A
second peak can be seen at approximately 90-100 nm which is most likely those where
both RNAPs have failed to initiate elongation and a third broader peak is seen at around
120 nm. This third peak may be due to the RNAPs originating from the short arm
promoter escaping the promoter and entering elongation while the RNAPs at the long
arm promoter fail to initiate. In the case of the inter-RNAP distance a Gaussian fit of

the data gave a value of 19.7 + 0.8 nm (Figure 6-34).
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Figure 6-34: Histogram plot of inter-RNAP distance with the main peak fitted with a

Gaussian curve (n=204).

If the positions of the RNAPs is plotted as a percentage of the template it is possible to

separate out a number of different classes from the data as can be seen from Figure 6-

35.
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Figure 6-35: Scatter plot of the positions of RNAP pairs from promoters aligned
tandemly as a percentage of the total contour length. On the left the RNAPs
originating from the short arm are plotted in ascending order. On the right the

RNAPs originating from the long arm promoter are plotted in ascending order.

On average the leading RNAP travelled 175 £ 9 bp from its promoter while the trailing
RNAP travelled 314 + 12 bp. By viewing the scatter plot it can be seen that only a
smaller number of RNAPs reach the end of the template and are trapped by the loop.
The majority of RNAPs are located around the short arm promoter with both RNAPs

just outside the inter-promoter region.

It is possible to discern three broad classes of complexes from the scatter plot but due
to the RNAPs travelling in the same direction class designation is not as clear as in the
case of convergent promoters: 1) those where both the leading (short arm promoter)
RNAP and trailing (long arm promoter) RNAP are located downstream of the inter-
promoter region; 2) those where the trailing RNAP is located between the promoters
and the leading RNAP is downstream of the two promoters; 3) those that have both
RNAPs located at or between the promoters. An example of each class is shown in

Figure 6-36.
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Figure 6-36: Schematic representations of the complexes seen after elongation from

tandemly arranged promoters.

Class 1 complexes appear where a collision has occurred between the RNAPs as the
separation seen is similar to that in the case of collisions between convergently
transcribing RNAPs. It is not possible to determine whether these are the outcomes of
an EC-EC collision or EC-SD collision as both RNAPs are moving in the same direction.
If the leading RNAP pauses or arrests then a collision would occur. This is also true for
those leading RNAPs which reach the loop and stall. Class 2 complexes with a smaller
RNAP separation are most likely those that have undergone an EC-SD collision due to
the failure of the leading RNAP to escape its promoter. Those that have a greater
separation could be the consequence of only the leading RNAP escaping its promoter
leading to a greater separation. It is also possible that the escape from the leading
promoter happens first and the trailing RNAP then pauses or arrests preventing a
collision from occurring. The final group of complexes are most likely those where both
RNAPs have failed to escape their promoters, which is indicated by both RNAPs being

located near to their respective promoters.
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6.3 Discussion

6.3.1 Incorporation of polyanionic inhibitors of RNAP non-specific
binding

Heparin alone at higher concentration was observed to form a layer over the mica

surface that has areas of aggregation which are loosely attached. This ability of heparin

to form a layer on mica was noted by Stoner et al. who showed it was possible to

passivate a mica surface for investigations of implants using electron microscopy to

image the surface [402]. The transmission electron micrographs show a rough layer

covering the mica similar to what is observed by AFM (Figure 6-37) [402].

Figure 6-37: Comparison of electron microscopy and AFM height image of 200
pg/ml heparin absorbed onto a mica surface. It can be seen from the images that
heparin forms a rough homogeneous layer on the mica (Scale bar for AFM image is

100 nm)

HS was found on the mica surface in a more dispersed state rather than forming a layer.
This may be due to fact that HS has domains of negative charge whereas heparin is
negatively charged along the whole chain of the molecule [398]. Upon cleavage of the
mica, potassium ions dissociate from the surface leaving a net negative charge at the
surface. The heparin may be binding to the surface through counter ion correlation as
proposed by Pastre et al. in a manner similar to DNA due to the presence of Mg?*in the
buffer [270, 402, 403]. In the case of HS binding would be limited to the domains of
higher sulphonation. This could mean that chains either side of the HS fold giving the
appearance of small globular features on the surface. It also may be that the chains of
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HS can associate with each other through interactions mediated by the divalent Mg?*
forming a mesh like layer upon the surface. At lower concentrations both heparin and
HS appeared dispersed on the surface and had an appearance similar to that seen by

Zhang et al. when investigating adeno virus interactions (Figure 6- 38).

Figure 6-38: Images of heparin deposited on mica collected by Zhang et al. (Scale

bars = 1um white and 250 nm black) [404].

In the presence of DNA, both heparin and HS lead to areas of differing morphology. At
higher concentrations both heparin and HS lead to areas of aggregates, presumably
formed by DNA wih heparin or HS. Areas were also seen that appeared to have DNA
bound on top of the heparin or HS. This is supported by the instability of these regions,
which were easily dislodged by the AFM tip. The final areas seen did not appear to
have any heparin or HS, but only high density of DNA molecules. These areas may form
due to separation of the DNA and heparin or HS on the surface. It is believed that the
high density areas of DNA observed, were caused by the highly negative heparin
excluding DNA from where heparin was bound on the mica. This therefore caused the
DNA to be repelled to where heparin was not bound causing it be contained in regions

of high density.

RNAP in the presence of heparin or HS appeared to readily bind to the mica. This may
be due to the binding strength of the protein to the mica preventing heparin or HS from
forming a layer on mica, with appearance of the samples being similar to other studies
which co-adsorbed proteins and heparin to mica [404-407]. The increase in RNAPs

seen on the surface may be due to the reduction in the number of RNAPs found in
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aggregates. Experiments by Houska et al. on the layering of protein/polyelectrolyte on
a surface showed that heparin could interact with the outer surfaces of a protein with
a net negative charge due to local charge clusters [408]. This would lead to the
repulsion of RNAPs with heparin or HS bound, preventing aggregation. If this was the
case then the RNAPs would repel each other more than when heparin or HS is not
present. This effect of heparin and HS as an anti-aggregation agent for proteins has
been noted for some proteins [409], but due to the diverse structure and sequence a
complete understanding of this effect has not been elucidated [410]. It also possible
that the binding of heparin or HS to the surface of the RNAP may allow for more Mg?*
mediated binding to occur leading to more RNAPs remaining tightly bound to the

surface after rinsing and drying.

6.3.2 Effects of HS on OPC formation and imaging.

For deposition of OPCs incubated with heparin or HS there was no noticeable effect on
adsorption of complexes to mica, as was also reported by Rivetti et al. when
investigating wrapping of DNA by RNAP, where it was found that RNAP pre-incubated
with heparin did not prevent binding of DNA-RNAP complexes to the surface [126]. An
increase of bare DNA was noted along with a decrease in RNAPs bound outside of the
promoter regions, indicating that both heparin and HS are preventing non-specific
binding. In the case of the two promoter template it was found that heparin and HS
had differing effects on the number of each type of complexes seen. Both led to a
decrease in the amount of non-specifically bound o’°RNAP as well as an increase in
bare DNA present in the samples. Studies on two promoter templates by Rivetti et al.
gave 20% bare DNA molecules on the surface, but here with heparin and HS bare DNA
is the dominant species seen on the surface, indicating that less non-specific binding is
occurring [126]. Studies by Crampton et al. reported that 50 % of complexes they
analysed for a two promoter template displayed non-specifically bound 6’°RNAP, with
heparin or HS this number decreased to 17 % and 14 %, respectively, indicating that
they both reduce non-specific interactions of 6’°RNAP with the DNA. With the
introduction of heparin though there was a greater number of single OPC complexes in
comparison to when HS was present. Studies by Rivetti et al. and Crampton et al. on

two promoter templates reported single OPCs to account for 50 % and 30 % of
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complexes formed, respectively [3, 126]. This increased amount is unexpected as
neither heparin nor HS are expected to remove OPCs. It is however reported in the
literature that 6’°RNAP complexes may be susceptible of OPCs to removal by heparin
as was shown for the T7 phage promoter Al by Pfeiffer et al.. They also reported the
susceptibility of OPCs to attack by heparin was dependent on the structure of the
promoter and the promoter-RNAP complex [401]. Schlax et al. were able to provide
evidence that for the lacUV5 promoter the steps between free 6’°RNAP binding and
the formation of an initially transcribing complex (ITC) were reversible and susceptible
to removal by heparin [411]. Itis possible that this is the case for the Ay promoter, as
OPCs formed in the absence of NTPs may dissociate as they are not capable of forming
ITCs. Itis also possible that with the formation of two OPCs, one of the OPCs may form
a less stable complex due to the influence of the wrapping from the second OPC. This
could also account for the lack of DNA bound by heparin when the sample is incubated
at 37°C as the increased temperature would make the OPCs less stable, allowing the
removal of OPCs from the template. The fact that this increase is not seen with HS may
be due to the lower levels of sulphonation of HS. This would give HS a lower net
negative charge and so it is possible that the interaction of HS with 6’°RNAP is not as
strong as for heparin. OPCs formed on the 1144 bp two promoter template still show
low levels of non-specifically bound RNAP. Rivetti et al. noted that when pre-incubated
with heparin there were still some interactions seen between the 6’°RNAP and DNA
when o’°RNAP was in excess [126]. This fact indicates that some low levels of non-
specific binding may be unavoidable. This binding was mainly limited to the ends of the
DNA template as was observed by Rivetti et al. and therefore would have minimal
effect on sample analysis. The relative amount of complexes seen for the labelled two
promoter templates are similar to that of the unlabelled template, indicating that the
addition of the loop does not alter the effects of HS. This also confirms that the binding
to the loop structure seen for single promoter template is most likely due to non-

specific interactions.

The change of contour length measured for the labelled two promoter templates
reflects values reported from foot-printing studies and AFM studies where wrapping of
the DNA was shown to involve approximately 90 bp [116, 121, 324]. The difference in

contour length seen for the inter-RNAP contour length between the convergent and
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tandem promoters is reported by Billingsley et al. and can be expected due to the
promoter arrangements for each template which is highlighted in Figure 6-39 showing
the approximate amounts of wrapping expected up and downstream of the promoters

[125].

A. -70

Loop arm

Loop arm

+20

Figure 6-39: Schematic representation of degree of wrapping for convergent and
tandem promoter arrangements. A) It can be seen that for convergent promoters
there is 20bp downstream of each promoter involved in wrapping the DNA,
whereas for the tandem arrangements (B) there is 70bp upstream of the leading
RNAP involved in wrapping and 20bp downstream of the trailing RNAP, giving a

difference from convergent promoters of 50bp.

By looking at Figure 6-39, it can be seen that a larger number of base pairs (bp) from
the inter-RNAP space will be involved in wrapping around the RNAP for the tandem
template than the convergent, which is reflected in the measurements. The extent of
this difference is lower than would be expected but may be due to the orientation of
bends in the DNA not being truly represented when the complexes are deposited onto

a mica surface and dried for imaging.
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6.3.3 Outcomes of convergent transcription in the presence of HS

After addition of NTPs the majority of RNAP pairs are seen in close proximity to each
other. As this decrease in distance was only seen once NTPs had been added and not
in OPCs samples it reasoned that these are the outcomes of transcriptional collisions.
This is supported by studies by Hobson et al. on eukaryotic RNAPs and Crampton et al.
on E.coli RNAPs who both noted that RNAPs come into close contact upon collisions
and remain stably bound to the template [3, 318]. The stability of collided complexes
is further indicated by their resistance to HS which should remove any non-specifically
bound RNAPs, as well as by the difference in total contour length in comparison to bare
DNA. Rivetti et al. were able to show that a stalled elongation complexes (SECs) caused
a decrease in contour length of 22nm but the data agrees better with that of
footprinting studies which show that the RNAP interacts with approximately 32 bp
which would be equivalent to 10-15 nm [294, 311, 412].

The majority of complexes (61 %) were designated Class 1. These were believed to be
the outcome of EC-EC collisions as both RNAPs had travelled downstream of their
promoters. These complexes displayed an inter-RNAP distance which indicated that
they have stalled in hard contact, this agrees well with studies carried out by Hobson
et al. who found that eukaryotic RNAP Il molecules stalled with a separation of 35 bp
between active sites of both RNAPs which is similar to the inter-RNAP distance seen

between collided complexes [318].

Experiments by both Billingsley et al. and Crampton et al. using AFM to investigate
collisions between E.coli RNAPs found that the majority of complexes were found
outside the inter-promoter region (Class 2) [3, 4]. These studies were performed in the
absence of heparin or HS. The change in the distribution of classes as compared with
their studies indicates that some of those RNAPs believed to have moved upstream of
their promoter were the consequence of non-specific binding or initiation events from
the blunt ends or nicks rather than collisions [113]. For both eukaryotic an prokaryotic
RNAP collisions truncated transcript were observed [191, 318]. This supports the
observation of the high percentage of complexes seen between the promoters. This

outcome also agrees with modelling by Sneppen et al. who suggested that head on EC-
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EC collisions were the most likely form of Tl to occur when promoters were separated
by a relatively large number of base pairs and both promoters were of similar strength
[193]. This is due to the probability of both RNAPs escaping the promoters is equal.
The model system used here negates the effects of promoter occlusion by preforming
OPCs and analysing only a single round of transcription, thus EC-EC collisions are
expected to dominate. It is noted that on average the RNAP originating from the long
arm travelled 50 bp further than those originating from the short arm promoter. This
is unexpected but could be due to the presence of a -10 element like sequence located
on the non-template strand 28 bp downstream of the transcription start point. It has
been seen that such elements can cause prolonged pausing of the holoenzyme [413].
Experiments by Harden et al. indicated that ECs can retain 6’° and when an EC passes
over such a pause site that transcription rates decrease [414]. This means that it is
possible that the RNAP elongating from the short arm promoter may pause and
therefore not travel as far along the template as those travelling from the long arm

promoter, causing a slight difference in distance travelled.

Collisions between what Crampton et al. termed an EC and sitting ducks (EC-SD
collisions) still occur, making up 35 % of complexes analysed (designated as Class 2
molecules). Class 2 molecules had either one or both RNAPs downstream of the
promoters. These collisions are believed to occur between an EC and an OPC. It has
been seen for a number of promoters that two forms of initial transcribing complexes
(ITCs) can form, productive and unproductive [415]. Vo et al. showed evidence that
the type of complex formed occurred at the stage of OPC formation and that
productive ITCs were quick to escape the promoter, whereas non-productive ITCs
remained at the promoter indefinitely. The formation of unproductive ITCs was found
to occur for 28 % of complexes at a consensus promoter by Margeat et al. [143]. This
study used a single promoter but if the probability of promoter escape is assumed to
be the same for the two promoters in the system used here a probability that only one
RNAP enters elongation 40 % of the time. Class 2 make up 35 % of complexes analysed
indicating that these may be collisions between inactive ITCs and an EC. If Class 2
molecules are plotted separately as a scatter plot it can be seen that the majority of

complexes are situated near to the promoter (Figure 6-40).
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Figure 6-40: Scatter plot of just those RNAP pairs that displayed backtracking from
the promoter which is indicated by the blue line. The promoter position

corresponds to the average value of the position of 6”°RNAP in OPCs.

It was also noted by Kuburi et al. and Sen et al. that these unproductive ITCs can take
two main forms of arrested complex [416, 417]. One form is a moribund complex,
which is stuck in the abortive cycle but retains transcriptional activity, having a
structure similar to that of an active OPC. These moribund complexes can convert to
the second type of arrested complex over time which is referred to as a dead end
complex which displayed no elongating activity [417]. It is possible that those RNAP
pairs that are backtracked by a large amount upstream of the promoter may be the
consequence of a collision between a dead end complex and an EC, resulting in a
further distance being travelled upstream due to the dead end complex having already
undergone some backtracking. Those where only one RNAP is located downstream of
its promoter may be the outcome of a collision between a moribund complex which is
still located at the promoter undergoing abortive initiation. Upon collision the
moribund complex may lose any wrapping of the DNA that may be maintained in this
state and then form a dead end complex and then backtrack. This could account for
the slightly greater separation between the two RNAPs seen for those located either
side of a promoter. Callen et al. provided data that suggested OPCs formed at the A

phage promoter P do not act as a roadblock and are removed from the template [192].
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The promoters in this experiment were of differing strength from the P. promoter and

the data indicate that in the case of the A,r promoter an OPC can act as a roadblock.

6.3.4 Transcription from tandem promoters

In the case of tandem transcription it is expected that the majority of RNAPs would be
located at the loop end of the template if no interference was occurring between the
two RNAPs. This is not the case as is shown by the scatter plot and arm length
measurements. In the majority of cases both RNAPs are located downstream of the
long arm promoter with a separation similar to that seen for head on collisions during
convergent transcription. It is reasonable to assume from the separation of the two
RNAPs that these are outcomes of collisions but Class 1 complexes may be a
combination of EC-SD and EC-EC collisions. Collisions between an unproductive ITC at
its promoter are also contained with Class 2 complexes with a lower inter-RNAP
contour length. This can be observed by viewing the annotated scatter plot shown in

Figure 6-41.
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Figure 6-41: Annotated scatter plot of location of RNAPs pairs as a percentage of
the template. Specific areas of interest have been highlighted and are discussed in
the text. The red areas highlights molecules that have failed to initiate elongation.

The pale blue oval highlights those RNAPs that are believed to have undergone a
collision. The pale green oval highlights those RNAPs that have reached the ssDNA

loop label.

Highlighted by the pale blue oval are those complexes that are believed to have
undergone a collision and stalled. A collision between an EC-SD could lead to shunting
of the SD as in the case of convergent transcription. Studies on collisions between two
tandemly transcribing RNAPs have been performed often by stalling a leading EC at a
stall site then allowing a trailing RNAP to elongate from the same promoter. In such
studies the leading RNAP enters a backtracked state and it has been seen by Epshtein
et al. that a trailing RNAP can help recover the activity of backtracked complexes [201].

The data here however agrees better with studies by Wang et al. who were able to
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show that upon collision both RNAPs remained on the template at the stall site [418].
This stalling due to collisions between co-transcribing RNAPs was also suggested by
Bentin et al. when investigating effects of long nascent RNAs on transcription [419]. It
was reasoned that aggregates of RNAPs could be caused by collisions between two
active ECs leading to the arrest of both ECs in close proximity [419]. Unproductive ITCs
would only account for some of the collisions observed and only those in the vicinity of
the leading promoter. Transcription by RNAP has been shown to involve short
ubiquitous pauses that are separate from pauses leading to backtracking [162]. These
short pauses or the asynchronous escape from each promoter could lead to collisions
occurring between two active EC-ECs. It has also been shown that such pauses are
unaffected by force and so would not be overcome by collision induced cooperativity
[420]. Saeki et al. reported that collisions between an eukaryotic RNAP at a pause site
and an active EC lead to a higher number of RNAPs escaping their paused state, but
approximately 40 % did not escape the pause site indicating that not all collisions lead
to re-activation in a system utilising a single promoter [200]. The separation between
the two promoters may also play a key role in how the two RNAPs interact.
Ponnambalam and Busby found that Tl between two tandem promoters only occurred
when they were spaced by a set number of base pairs [203]. They noted that the level
of transcription from the leading promoter dramatically decreased and the trailing
RNAP produced a truncated transcript only when the promoters were separated by 86
bp indicating that a collision between the two RNAPs lead to inactivation of both [203].
This sensitivity to the spacing between promoters may be indicative of the global shape
or geometry of the DNA playing a role in the outcome of collisions and Tl in general.
Cooperation between RNAPs may still be occurring in this system as it can be seen that
a fraction of RNAP pairs do reach the end of the template which are highlighted by the
pale green oval on Figure 6-41. If RNAPs do exhibit cooperative behavior it is also
possible that a second RNAP may be able to push both RNAPs past the single stranded
loop as the bypass of roadblocks through RNAP cooperation has been noted in some
studies [199, 421]. If this was the case then such molecules would be discounted from

analysis.

The final region of the Figure 6-41 highlighted by the pale red oval contains Class 3

complexes which have both RNAPs still located at the promoter, indicating that both
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RNAPs have failed to fire. These complexes most likely have not undergone a collision
due to the high separation between the leading RNAP and the trailing RNAP. Those
where the leading RNAP reaches the loop are most likely due to the failure of the
trailing RNAP to fire. The random distribution of both leading and trailing RNAPs over
the length of the template in this region may be explained by the previously mentioned
occurrence of intrinsic pausing and backtracking of complexes, which can lead to some
of these entering an arrested state [160]. It is also important to mention those where
the leading RNAP has reached the end of the template and been trapped by the loop
but have the trailing RNAP situated near the leading promoter. These complexes may
form due to the pausing of the trailing RNAP at the leading promoter. Palmer et al.
noted that at strong promoters prolonged pausing of an actively transcribing RNAP can
occur which in turn can lead to occlusion based Tl and may lead in some cases to the

RNAP entering a backtracked state [422].

6.4 Conclusions

It has been shown that it is possible to incorporate an inhibitor of non-specific binding
into in vitro transcription reactions for analysis by AFM. The use of HS or heparin in
samples containing protein is shown to be a useful method for reducing non-specific
interactions of RNAP with the DNA. Deposition of DNA in the presence of the
polyanionic molecules can lead to the formation of different regions of varying
structure and DNA concentration, indicating that a protein or other molecule is needed
to ensure samples absorb to the surface in an analysable manner. The use of this
method is not limited to RNAP alone but is important for AFM studies of any proteins
that are inhibited from non-specific binding by heparin or HS. It is noted that in the
absence of RNAP, heparin and HS are able to prevent binding of DNA to a mica surface.

This is most likely due to the highly polyanionic nature of these macromolecules.

The reduction of non-specific interactions means that the outcomes of transcription
from both tandem and convergent promoters can be studied with a higher degree of
accuracy than achieved previously using ex-situ AFM. It is shown that in the case of
convergent promoters, RNAPs irreversibly stall when they have undergone EC-EC or

EC-SD collisions. Those complexes that undergo an EC-SD collision have been shown

185



to occur through two different mechanisms involving the different forms of ITCs that
can form at a promoter. Our results suggest that one RNAP can shunt another RNAP
when a collision occurs between and EC and SD. The cause of stalling in the case of
convergent transcription is most likely due to steric hindrance between the two RNAPs
and may be due to a disengagement of the template DNA from the active site, but AFM
is unable to elucidate the exact cause for the loss of activity. This loss of activity and
stability of RNAPs that have undergone a collision indicate that occurrence of such
events in vivo would lead to altered expression levels of both transcribed genes. This
would mean for convergently arranged nested genes that concurrent transcription is
not possible and the nesting of genes in such a way may allow for regulation through
Tl. It is most likely that in vivo mechanisms would exist in order to clear such
transcriptional blockages as was seen in the case of eukaryotic RNAP Il, where

complexes were cleared by ubiquitinylation [318].

In the case of transcription from tandem promoters it was observed that the majority
of RNAPs do not reach the end of the template but stall outside the promoter region,
again in close proximity. This stalling is likely a consequence of different factors and it
is not possible to determine which of these is dominant. It is however obvious that
addition of second RNAP leads to changes in the behavior of both RNAPS, suggesting a
combination of cooperative and/or competitive behavior. It maybe that in vivo other
factors ensure that tandemly transcribing RNAPs are able to act in a cooperative
manner in order to allow transcription to occur concurrently and at a high rate. Itis
also possible that the spacing of tandem promoters plays a role in how the RNAPs
interact with each other. It is not possible elucidate the cause of collisions using ex situ
AFM as only the aftermath of collisions is analysed. The data does provide insight into

how two RNAPs may interact with each other when transcribing in tandem.
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7 Effects of supercoiling on transcriptional

collisions

7.1 Introduction

The data presented in Chapter 5 provides insight into the occurrence of collisions
between co-transcribing RNAPs. Information on the spatial arrangement of RNAPs
after a collision indicate that RNAPs arrest in close if not hard contact and remain stably
bound to the template even in the presence of an inhibitor of non-specific binding,
heparin sulphate (HS). One question that arises is what factors govern and affect these
collision events. DNA topology has been shown to play an important role both at a
global and local level in transcription and gene expression. With RNAP having to open
the DNA duplex during OPC formation and elongation, transcription is associated with
changes in DNA topology and supercoiling. This change in topology was first proposed
and modelled by Liu and Wang using the twin supercoiled domain theory [57]. This
theory states that DNA downstream of an elongating RNAP will be positively
supercoiled and DNA upstream will be negatively supercoiled when the RNAPs or
template are not free to rotate [57]. The DNA templates used for studies of RNAP
collisions in Chapter 5 are considered topologically open as they are linear and not
anchored, allowing for the rapid dissipation of any topological alterations, such as
supercoiling, that may arise from the elongation process. In order to investigate the
effect that topological changes arising from elongation may have on collisions,
topologically constrained templates as well as a method for detecting topology is

needed.

Theincorporation of HS into samples allows a more accurate and precise study of larger
templates which would otherwise be difficult if not impossible to analyse due to non-
specific binding. With this in mind a new template consisting of longer arm lengths was
synthesised and initially circularised to provide a topologically closed DNA template.
Upon AFM analysis the number of circular templates was found to be very low. It was

also noted that upon formation of OPCs an even lower
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Chapter 7: Supercoiling and collisions
number of templates remained as closed circles. It was also seen that binding of the
RNAP before the addition of NTPs lead to the formation of DNA crossovers and

unanalysable structures (Figure 7-1).

A. C.

Figure 7-1: AFM height images of circularised template. A) Bare circularised
template. A few closed circles can be seen but the majority of DNA is linear (Scale
bar = 1um). B, C, D, E) AFM height images showing structures formed upon addition
of RNAP to form OPCs. It can be seen that crossovers and convoluted structures

were common (Scale bars: B = 1um; C =100 nm; D = 100 nm; E = 100nm)

These structures meant that a circular template would not be useful for statistical
analysis. Theoretical and experimental evidence (which is discussed in section 6.1.1 in
this chapter) suggested however that with an increased template length transient
supercoiling may still occur in linear templates. As this supercoiling is only transient
and is expected to dissipate relatively quickly it was not necessarily expected to be
visualised by ex situ AFM. In order to test whether any changes seen during collisions
were due to topological changes occurring at the elongation stage, topoisomerase IB
(Topo IB) was added when elongation was initiated. Presented in this chapter are the
outcomes of transcriptional collisions on linear templates 2521 bp in length, in the

absence and presence of Topo IB.

7.1.1 Supercoiling and transcription
The link between transcription elongation and supercoiling was first explained and

modelled by Liu and Wang (1987) in light of a number of experiments that produced
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Chapter 7: Supercoiling and collisions

previously unexplainable results [57]. Liu and Wang proposed that as the RNAP tracks
the helical DNA duplex opening up the DNA downstream and resealing the DNA
upstream creating the transcription bubble, either the RNAP or the DNA must rotate.
It was postulated that as the transcription complex, comprising the RNAP and nascent
RNA as well as other associated proteins, tracked along the DNA it would be easier to
rotate the DNA [57]. This rotation leads to a wave of positive supercoiling downstream

of the transcription complex and negative supercoiling upstream (Figure 7-2).

Oolee®)

Figure 7-2: Schematic diagram representing the generation of supercoils according
to the twin supercoil domain theory. R is the RNAP molecule with the arrow
indicating its direction of transcription. Downstream of the RNAP positive

supercoiling occurs while upstream negative supercoiling occurs [57].

This hypothesis appeared to fit well with results obtained in subsequent experiments
by a number of groups [423-425]. Both Giaver et al. and Wu et al. provided
biochemical evidence that supercoiling by bacterial and eukaryotic RNAPs occurred
during the elongation stage of transcription [423, 424]. Wu et al. were able to show
that the levels of supercoiling induced by transcription elongation was affected by the
RNA transcript length and rate of transcription [424]. Further confirmation of the
validity of the twin supercoiled domain theory came from Tsao et al. who were able to
show through biochemical methods that the level of supercoiling and therefore the
torsional stress applied to the DNA by RNAP was larger than first suggested [425]. The
effect of transcription-generated supercoiling has been noted at positions as far as 2
Kbp upstream of a transcriptional start site indicating that transcription may have the

ability to influence a number of processes including transcription itself at relatively
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distant sites [6, 426]. More recently, single molecule experiments using optical and
magnetic tweezers have provided a deeper understanding of forces exerted on the
template DNA during elongation. Ma et al. used an angular optical trap to provide a
value of the torsional force that RNAP was able to exert [427, 428]. It was found that
E.coli RNAP was able to exert a torque of 11 + 4 picoNewtons-nanometre before
stalling. This is consistent with an earlier study by Yin et al. who measured a stall force
of 14 + 4 pN [317, 427]. This level of force is noted as being large enough to melt
arbitrary sequences of DNA, form non-B DNA structures and also form plectonemic or
toroidal structures [429]. The ability of RNAP to alter the structure of DNA suggests the

importance of local supercoiling on the global gene expression of a cell [426, 430].

The experiments by Ma et al. also indicated that stalling of elongation can occur due
to both positive and negative supercoiling [427]. Results also showed that after
removal of torsion 50 % of the RNAPs regained activity [427]. It was also found that
with an assisting torque applied, transcription rate increased and pausing decreased,
with the opposite of this being true for a resisting torque as is seen in the graphs shown

in Figure 7-3 [427].
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Figure 7-3: Experimental setup and data collected by Ma et al. using an optical trap
setup. A) The experimental setup involved the attachment of an RNAP (green) to a
surface and applying either an assisting or resistive torque to the DNA. B) Plot
showing the change in velocity seen when torque is increased. C) Plot showing the
increase in pause density as higher resisting torque is applied to the RNAP. D) Plot
showing the relationship between pause duration and torque. As resisting torque

increases pause duration also increases [428].

Transcriptional stalling due to supercoiling or torsional stress is a consequence that had
been noted before, but not at the single molecule level. Joshi et al. showed that when
high levels of positive supercoiling were induced in a cell, 80 % of genes in the yeast
Saccharomyces cerevisiae displayed down regulation [63]. The regulation of
transcription due to excess levels of both positive and negative supercoiling has been
subject of a number of reviews [6, 60, 61, 429]. In many of the in vivo experiments the
accumulation of supercoiling was induced by the removal of topoisomerases.

Topoisomerases are proteins that can introduce and remove supercoiling from the
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DNA template and so play an important role in regulating the levels of supercoiling in

the cell. A more detailed overview of topoisomerases is given in section 6.2.

In a system where the DNA, whether linear or a closed circle, is free to rotate
supercoiling would not be expected to occur. This assumption is due to the fact that
the free rotation of the DNA would not be hindered enough by its own viscous drag to
allow for supercoiling. This has been suggested to not be entirely true. Many theories
and models of DNA rotation use the speedometer-cable model proposed by Levinthal
and Crane [431]. This theory assumes that DNA when rotated would be like a rigid rod

and so would display a low viscous drag (Figure 7-4 A) [431].
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Figure 7-4: Schematic representations of DNA rotation when considered either as a
rigid rod (A) or a naturally bent semi-flexible rod. A) The Levinthal and Crane model
assumes DNA to be rigid and therefore its viscous drag when cranked or rotated is
limited by the diameter of the rod. B) Representation of DNA as a naturally bent
semi-flexible rod. When cranked the viscous drag experienced by the rod is related
to the persistence length (P) and the crossover scale Lc. On length scales shorter
than L. the DNA rotates as a rigid rod and over L. the DNA will flex and therefore

rotate via hybrid motion [432].
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This model was considered as “naive” by Nelson who highlighted that DNA cannot be
regarded as a rigid rod, as it is known that DNA with a length greater than its
persistence length would have intrinsic bends and curvature (Figure 7-4 B) [432].
Nelson proposed the hybrid-motion theory which takes into consideration these
intrinsic bends and curves found in DNA. The theory states that if the DNA has a length
greater than its persistence length (P in Figure 7-4 which is approximately 52 nm for
DNA) then only sections of the DNA below a crossover length (Lc) will rotate as a rigid
rod, while the rest of the DNA will not [432]. Nelson calculated a value for L¢ of
approximately 1.4 Kbp or 450 nm for DNA being transcribed by T7 RNAP and slightly
longer for slower rate RNAPs [432]. The difference in Lc due to the speed of an RNAP
and it molecular weight is due to the crossover length being effected by the speed that
the flexible rod is cranked. Therefore a faster moving RNAP or protein will rotate the
DNA faster, leading to a lower Lc value. The theory suggests that when a double-
stranded DNA fragment greater than approximately 1 Kbp is cranked, as in the process
of transcription, the DNA will become “spin locked” and so the rate of supercoiling
diffusion greatly diminishes. As Lcis influenced by bends in the DNA, molecular weight
and transcription rate, the introduction of multiple transcribing RNAPs, which
introduce significant bends into the DNA, would decrease the length Lc. Support for
this model is found in experiments by Tsao et al. as well as by experiments by Droge
and Nordheim who studied levels of transcriptional supercoiling of a 3 Kbp plasmid
[433]. They noted a change in the DNA from B-form to Z-form as a consequence of
supercoiling [433].  Further experiments by Droge where the site specific
recombination acted as a reporter of supercoiling indicated that supercoiling also
occurred on linear templates of 7.5 Kbp [434]. A similar study by Kouzine et al. using
divergent promoters and a recombination-reporting system showed that a highly
negative supercoiled domain was able to form and was sustained between the two
promoters on a linear template of 3 Kbp [435]. The anchoring of the DNA or RNAP was
also shown to not be required for supercoiling to occur in experiments by Drolet et al.
as well as by Lilley et al. who studied the effect of anchoring of the DNA templates in
vivo [436, 437]. Further results which support the hybrid-motion and spin locking
theory can be seen from work carried out by Dunaway et al. [438]. These experiments
involved the injection of bacterial RNAP and linear DNA fragments of 3 — 4 Kbp into
Xenopus oocytes which are unable to transcribe linear DNA. The results indicated that
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local and transient domains of supercoiling could occur in open DNA templates
therefore allowing for the transcription of the linear DNA [438]. This theory has come
under some scrutiny in the light of results obtained by DNA unzipping experiments
carried out by Thomen et al. who originally calculated a value for the rotational drag
of the DNA to be 38,000 times smaller than that predicted by the hybrid model. This
was later rebuked and accepted as a calculation error with the actual value being 4
times smaller than that predicted by the hybrid rod theory and 10 times larger than the
rigid rod theory [439, 440]. Theoretical modelling also provides support for the hybrid-

rod model many of which have been reviewed by Nelson [432, 441].

When considering the occurrence of supercoiling in the case of convergent promoters
it is expected that a region of hyper-positive supercoiling would occur downstream of
both promoters (Figure 7-5 A). This was observed in experiments by Wu et al. who
investigated the occurrence of transcriptional supercoiling from different promoter
arrangements, finding that promoter orientation plays a role in the levels and
handedness of supercoiling observed [424]. In the case of a head-on collision, either
between two ECs or an EC and SD, the effect of local supercoiling is not known. Indirect
evidence exists from studies of convergent transcription by RNAP Il from eukaryotes
that elongation is impaired due to supercoiling [442]. The formation of separate
domains of supercoiling through the binding of RNAPs and spin locking is expected, due
to the wrapping during OPC formation but also due to bends introduced by ECs as well
as the increased molecular weight and dimensions of the DNA-RNAP transcription

complex.

promote

LR

RNAP

RNAP me

promoter promoter
Figure 7-5: Diagram of expected supercoiling between both convergent and tandem

promoter arrangements. A) With convergent promoters a region of hyper-positive
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supercoiling is expected to occur between two active ECs. B) In the case of tandem
promoters, it is expected that two ECs would produce opposite supercoiling,
meaning that opposite supercoils should be able to merge and oblate each other

(adapted from [429]).

In the case of tandemly arranged promoters if both RNAPs are elongating at the same
time it is expected that the opposite regions of supercoiling would oblate each other
as is seen in Figure 7-5 B. The merging of oppositely orientated supercoils was shown
to not be hindered by intrinsic bends in the DNA through investigations by Stupina and
Wang [443]. They did find however that a second transcription unit impeded the
merging of oppositely orientated supercoils, suggesting that this may be due to a stable
bend introduced by the RNAP as well as greatly increased frictional barrier to free
rotation of the DNA [443]. If the transition into elongation is asynchronous then there
is the possibility that a region of supercoiling may form between the two RNAPs, this
has been suggested as the cause of transcriptional bursting seen in highly transcribed
genes, with supercoiling becoming too great for elongation to continue until it has been

relieved by topoisomerases or other factors [444, 445].

It is the outcome of collisions on a DNA template of a length that would allow for spin
locking to occur that is investigated here. Using the high spatial resolution of the AFM
and the incorporation of HS into samples to prevent non-specific interactions from
having an adverse effect on sample analysis, the outcomes of both convergent and
tandem collisions can be analysed. As the supercoiling is expected to only be transient
and relatively low, imaging of structural transitions may not be likely, as imaging
supercoiled DNA poses a number of issues during analysis as noted by Lyubchenko
[206]. In order to overcome this issue an indirect method to determine whether
supercoiling is occurring is needed. This was achieved through the use of a

topoisomerase which is discussed in the subsequent section.

7.1.2 Topoisomerases
There are a number of topoisomerases known, the first being discovered by James

Wang in 1971 in E.coli [446]. All topoisomerases share the ability to relax negatively
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supercoiled DNA, but not all share the same mechanism. Some topoisomerases are
also able to decatenate DNA rings as well as introduce supercoiling into DNA. A

summary of the known topoisomerases along with their features is given in Table 7-1.
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Enzyme Type Source Size (kDa) Notes
Bacterial topoisomerase | Cannot relax positive
1A Bacteria (E.coli) 97 (monomer)
(w protein) supercoils
Relaxes both positive
Eukaryotic Eukaryotes 91 (monomer)
IB and negative supercoils
topoisomerase |
Relaxes both negative
Vaccinia virus
IB Vaccinia virus 37 (monomer) and positive supercoils.
topoisomerase |
Stimulated by ATP
High decatenating
Topoisomerase lll 1A Bacteria 73 (monomer)
activity
ATP-dependant
Thermophilic
Reverse gyrase 1A 143 (monomer) introduction of positive
Archaea
supercoils
ATP-dependant
97 and 90
DNA gyrase A Bacteria introduction of negative
(A2B2)
supercoils
58, 51, 18. Can relax but not
Bacteriophage
T4 topoisomerase A (2 of each supercoil DNA (ATP
T4
subunit) dependant)
Can relax but not
Eukaryotic topoisomerase
A Eukaryotes 174 (homodimer) supercoil DNA (ATP
1l
dependant)
Can relax but not
84 and 70 supercoil DNA. High
Topoisomerase IV A Bacteria
(C2E2) decatenating  activity
(ATP dependant)
Can relax but not
45 and 60
Topoisomerase VI IB Archaea supercoil DNA (ATP
(A2B2)

dependant)

Table 7-1: Table of known toposomerases showing information on type, source,

structure and functionality (adapted from [27]).

As shown in Table 7-1, topoisomerases are broken down into two types (I and Il) and

these are then subdivided (A and B). Type | topoisomerases perform reactions in which
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only one strand of the DNA duplex is broken whereas type Il break both strands of the
DNA helix [27]. For the purpose of this thesis only type IB topoisomerases are discussed
but a review of the structure, function and mechanism of all topoisomerases can be

found elsewhere [59].

For the purpose of addressing transcriptionally derived supercoiling between
convergent and tandem promoters a topoisomerase that is able to relax both positive
and negative supercoils was desirable, so a type IB enzyme was selected. There are
three main classes of type IB topoisomerases and of these Vaccinia virus and eukaryotic
Topo IB are commercially available. Both topoisomerases are believed to work by the
same mechanism which occurs in five steps: 1) non covalent binding; 2) generation of
a single stranded break; 3) rotation of the DNA; 4) re-ligation of the DNA; 5)
dissociation. Both of these topoisomerases have a clamp like structure which has two

lobes joined by hinge (Figure 7-6).

,/Bind

Cul/ \Cul

Q ~

Relaxation of Relaxation of
Negative S.C. Positive S.C.

Figure 7-6: Crystal structure of Topoisomerase IB from Vaccinia and diagram
depicting the relaxation of both positive and negative supercoils. On the left
Topoisomerase IB in complex with DNA is shown. On the right are the steps
involved in binding and relaxing both negative and positive supercoils. The enzyme
binds and then allows rotation of the DNA within the active site. Different
conformational changes are associated with different handedness of supercoiling

[59, 447].

199



Chapter 7: Supercoiling and collisions

As is seen in Figure 7-6, Topo IB closes around the duplex DNA and cuts a single strand
before allowing the DNA to rotate within the active site. The enzyme binds the DNA
and cuts it through a nucleophilic attack by hydroxyl group of the tyrosine 723 on the
scissile phosphodiester bond which breaks a single strand of the DNA [59]. A covalent
intermediate in which the active site tyrosine attaches to the 3’ phosphate end of the
cleaved strand is then formed [59, 448]. The DNA is the free to rotate with the direction
of rotation depending on the handedness of supercoiling present [447]. The DNA
downstream of the binding site has been shown to rotate while the enzyme is in a
closed state, from crystal structures [449]. It was shown by single molecule
experiments carried out by Koster et al. that this rotation does not occur freely but is
a controlled mechanism governed by the levels of torque and friction [450]. The
rotation was also seen to occur in steps and the number of supercoils removed from
the DNA was dependent on the torque of the supercoiling, with between 5-15
supercoils removed in each cycle [450]. The process does require additional factors

such as Mg?* or ATP, even though ATP can stimulate the activity of Vaccinia Topo IB.

One main difference between Vaccinia and eukaryotic Topo IB is the binding
specificity. The determined consensus binding sequence for eukaryotic Topo IB is: >
(A/T) (G/C) (A/T) T 3. This sequence in itself is quite non-descript and a consensus
sequence has been shown to not be required for binding and cleavage to occur [59]. It
has been noted though that Vaccinia Topo IB has a higher sequence specificity than
eukaryotic Topo IB having a consensus sequence of: > (T/C) CCTT ¥ [59, 451]. Studies
have revealed that DNA topology has a greater role in encouraging binding of Topo IB
than sequence, with eukaryotic Topo IB having been shown to have at least a 60 fold
higher affinity for supercoiled DNA over linear DNA [452, 453]. An interesting
observation seen for both types of Topo IB is that binding occurs at DNA synapses or
crossovers. This has been observed by AFM for vaccinia Topo IB as well as by electron

microscopy as is shown in Figure 7-7 [454-456].
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Figure 7-7: Montage of AFM and electron microscopy images of synapses and
filaments seen for binding of Vaccinia Topo IB. A, C and E show AFM images
collected by Argaman et al. (A) and Moreno-Herrero et al. (C and E). B and D show
electron micrographs collected by Shuman et al. Inset between D and E is a
drawing showing the predicted structure of filamentous synapses formed by

Vaccinia Topo IB [454-456].

AFM and electron microscopy studies also found that it is possible for cooperativity to
occur for Vaccinia Topo IB when binding, leading to the formation of filamentous
structures as is shown in Figure 7-7 D and E [455, 456]. The lower sequence specificity
of eukaryotic Topo IB means that it can be used with the templates in this work which
do not contain specific cleavage sites for Vaccinia Topo IB. Another advantage of
eukaryotic Topo IB is that it has been shown to be required for transcription elongation

and so its role in relaxing transcription-complex supercoiling is confirmed [457, 458].

Previous AFM studies of eukaryotic Topo IB indicate that it is readily adsorbed onto the

mica surface. In studies by Argaman et al. calf thymus Topo IB, at a final concentration
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of 0.4 U/ul, was deposited onto mica and imaged in air [454]. The Topo IB was seen to
have a height of 2.8 £ 0.4 nm and a diameter of 27.6 + 3.1 nm [454]. It can be seen

from Figure 7-8 A that this provided well dispersed Topo IB molecules on the surface.

Figure 7-8: AFM images of calf thymus Topo IB deposited on mica and imaged in
air. A) Calf thymus Topo IB imaged in air at a concentration of 0.4U/ul [454] (Scale
bar = 500 nm). B) AFM height image collected by Liu et al. of human Topo IB in air
on mica at a concentration of 0.3U/ul [459] (Scale bar = 3um). It can be seen from

both images that the adsorption of the Topo IB to the surface can differ between

samples.

Studies by Liu et al. found that in air human Topo IB had a dimeter of 20.3 + 3.0 nm
and a height of 2.6 £ 0.3 nm [459]. A final concentration of 0.3 U/uL was deposited
onto mica but unlike that seen by Argaman et al. the amount of adsorbed Topo IB was
much higher (Figure 7-8 B). Both these studies provided precedent for the

incorporation of eukaryotic Topo IB into AFM samples.

7.2 Sample preparation

The DNA template was produced by a standard GoTaqg Polymerase PCR reaction using
the primers 5  ATCTTCAACTGAAGCTTTAGAGCG ¥  (forward) and ¥
GTGTGAAATACCGCACAGATG ¥ (reverse) for both convergent and tandem promoter
templates. The products had their size checked by 1% (w/v) agarose gel

electrophoresis before being purified using the QiaQuick purification column system.
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The DNA template used is shown in Figure 7-9 with the promoter locations and arm

lengths denoted.

— —

®

(376 nm) . (111 nm) (344 nm)
1140 bp 338 bp 1043 bp
Long arm Inter RNAP Short arm
—_— —_—
(376 nm) . (111 nm) . (344 nm)
1140 bp 338 bp 1043 bp
Long arm Inter RNAP Short arm

Figure 7-9: Diagram showing both convergent and tandem promoter templates.
RNAPs are represented by blue circles, DNA by the black line and promoters by the
red arrows. The size of each region of the template is shown in base pairs and is the

same in both cases.

OPCs were formed by mixing 200 fmol of DNA with 400 fmol of 6’°RNAP in transcription
buffer before incubation at 37°C for 15 minutes. HS was then added to a final
concentration of 200 pg/uL. In order to initiate transcription all four NTPs were added
to a final concentration of 100 uM and incubated for 20 minutes at room temperature.
Samples were then diluted 1 in 20 in imaging buffer before being deposited onto
freshly cleaved mica. Samples were then incubated for 5 minutes before being rinsed

with dH,0 and dried under a weak flux of nitrogen.

Wheat germ topoisomerase IB (Sigma, St. Louis, MS) was stored in single-use 5 L
aliquots at -80 °C in the manufacturer’s buffer, to avoid multiple freeze thaw cycles.
The Topo IB had a concentration of 8 U/ul with one unit defined as the amount required
to relax 1 pg of the plasmid pGEM97 in 30 minutes at 37 °C. Samples containing just

topoisomerase were made by diluting the Topo IB in transcription buffer before then
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further diluting 1in 10 in imaging buffer before deposition. The units of Topo IB quoted

in the text refer to the final concentration that was deposited onto the mica surface.

For samples containing plasmid and topoisomerase, 200 fmol of plasmid was mixed
with 10 units of Topo IB in transcription buffer then either incubated at room
temperature or 37 °C for 20 minutes. When required HS was added to a final
concentration of 200 pg/uL before the addition of Topo IB. Samples containing plasmid
and RNAP were formed using 200 fmol of plasmid and 400 fmol of RNAP before being
incubated at 37 °C for 20 minutes. After incubation, HS was added to a final
concentration of 200 pug/ml and incubated for 10 minutes at room temperature. In
samples containing Topo IB, 10 units of the enzyme were added and samples were
incubated at room temperature for 20 minutes. As 200 fmol of plasmid is too high to
distinguish single separated plasmid molecules, samples were diluted 1 in 30 in imaging

buffer.

In vitro transcription reactions containing Topo IB had OPCs formed in the same way as
reactions without Topo IB, except that the Topo IB was added along with the NTPs,

prior to incubation at room temperature for 20 min.

7.3 Results

7.3.1 AFM analysis of wheat germ Topo IB

In order to determine how Topo IB interacted with and appeared on the mica surface
when imaged by AFM, samples of just Topo IB were prepared and analysed. A range

of concentrations were tested (Figure 7-10).
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A.

0.05 U/ul

0.1 U/pl

Figure 7-10: AFM height images of wheat germ Topo IB at differing concentrations
deposited on mica and imaged in air. A, B and C correspond to concentrations given
in in each image (Scale bars = 1um). The bottom panel of B shows a zoomed image

of Topo IB molecules (Scale bar = 100 nm)

As it can be seen in the scans shown in Figure 7-10 the Topo IB readily binds to the mica
surface. Some areas of aggregation were observed but the majority of Topo IB was
dispersed over the surface. At a concentration of 0.4 U/ul surface coverage was
considered to be too great to be used in samples containing DNA and RNAP. This was
also noted at a concentration of 0.1 U/ul and so it was decided that a final
concentration to be deposited would need to be lower. At a concentration of 0.05
U/uL single Topo IB was visible with very few aggregates observed on the surface. This
final concentration would require the addition of 10 units of enzyme to a sample of
DNA or OPCs before dilution with imaging buffer. The height and diameter of individual
topoisomerases were measured; histogram plots of these measurements are shown in

Figure 7-11.

205



Chapter 7: Supercoiling and collisions

o
13
=}

50214 \\\/ Diameter of Topo 1B - Height of Topo IB
© 00.42
c

o7 g

S0 S

o 59331

o o

+=0.131 =

o 0.25

® k5

2 @

=008 =017

E €

S b

©0.04 ©0.08

zZ z
0.004 N 0.00

SSTSSSETTTIEENCS S AN\
12 14 16 18 20 22 24 26 28 30 32 34 0.4 06 08 1.0 1.2 1.4 1.6 1.8 2.0
Diameter (nm) Height (nm)

Figure 7-11: Histogram plots of the diameter and height of Topo IB. The diameter
has two major peaks visible, at approximately 17 and 21 nm. These may
correspond to different orientations of the protein on the surface. The height

shows a single peak at approximately 1-1.2 nm. (n = 120 for both graphs)

The diameter had an average value of 20.7 £ 4.1 nm but the histogram has a large
spread. This may be due to the Topo IB being adsorbed in different orientation on
surface. There is also the possibility that the TopolB has been damaged when adsorbed
to the mica. The height data shows a single peak with an average value of 1.15 + 0.2
nm. The height and diameter of Topo IB is greater than that of DNA but less than that
of RNAP, leading to the assumption that it should be distinguishable from both in AFM

images.
In order to test the activity of 10 U of the Topo IB in the transcription buffer as well as

at room temperature, samples containing supercoiled pDSU plasmid were treated with

Topo IB before being deposited and imaged.
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Figure 7-12: AFM images of supercoiled plasmid and plasmid treated with Topo IB
at room temperature. A) Plasmid molecules can be seen to be compacted and
demonstrate a large number of crossovers as expected for supercoiled plasmid

DNA. The bottom panel shows a zoomed image of two typical plasmids. B) After
the addition of Topo IB, the structure of the plasmids can be seen to be more open
with fewer crossovers, indicating that there is now a lower level of supercoiling.

(Scale bars = 1um for top panel and 200 nhm for bottom panel)

Plasmid conformation was assessed by counting the number of crossovers of the DNA
chain. This method allows for the determination of how supercoiled a structure is as
accounts for the writhe and twist of the molecule. The higher the number of crossover
points, or nodes, the greater the level of supercoiling, as observed by Jiang et al [460,
461]. It was found that the plasmid samples had on average 14.1 + 0.4 crossovers.
With the addition of Topo IB this number decreased to 3.8 + 0.4 crossovers. As the
number of crossovers has been shown to be related to plasmid conformation this
decrease indicates that the plasmid is less supercoiled with the addition of Topo IB.

This result indicates that Topo IB is active in the transcription buffer. In order to
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investigate the effect that HS had on activity of Topo IB samples were prepared and

imaged that contained HS, Topo IB and plasmid (Figure 7-13).

Figure 7-13: AFM height images of plasmid treated with 10 U of Topo IB in the
presence of HS. It can be seen that the structure of the plasmids changes to a
relaxed state compared with the absence of Topo IB. The zoomed image shows
relaxed plasmids with Topo IB bound at crossover points. (Scale bar for large image

is 1um and for the zoomed image is 100 nm).

With the addition of HS there is a decrease in the number of relaxed plasmids seen
when compared to samples lacking HS, with the number of crossovers decreasing to
7.1 £ 0.4 in the presences of HS. There is still a significant change in the plasmid
conformation indicating that Topo IB is still able to relax supercoils. The lower decrease

in crossover number is most likely due to Topo IB being inhibited by the HS.

In order to test the effect of the presence of RNAP on the ability of Topo IB to relax
supercoiled plasmid, samples of plasmid incubated with RNAP and HS in the absence
or presence of Topo IB (Figure 7-14). In this case, one might expect the RNAP to form

OPCs on the plasmid, but no NTPs are present to initiate transcription.
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+Topo IB

Figure 7-14: AFM height images of supercoiled plasmid incubated with RNAP and HS
then treated with Topo IB. The left panel shows compacted highly supercoiled
plasmids in the absence of Topo IB while in the presence of Topo IB the plasmid

appears in a more open conformation (Scale bar = 500 nm).

With RNAP present the number crossovers increases a small amount from the bare
plasmid, to value of 15.5 + 0.4. This increase is most likely due to the RNAP causing
bending of the DNA and therefore leading to a higher number of crossovers occurring.
With the addition of Topo IB and HS the number of crossovers decreases to 4.5 + 0.4.
The decrease in the number of crossovers is greater than that observed for plasmid,
Topo IB and HS. This difference most likely is caused by some of the HS being
sequestered due to binding to the RNAP, therefore decreasing the HS free to bind Topo
IB. The difference in crossover number are show by the column plot shown in Figure

7-15.
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Sample

Figure 7-15: Column plot of number of crossovers for different sample
compositions. As it can be seen Topo IB shows activity in the buffer by decreasing
crossover number. This is also true when HS is present and when RNAP is present

in the sample. (n=120 for all samples).

In order to test the effect of Topo IB on linear DNA, samples were imaged which
contained the linear 2521 bp tandem and convergent promoter DNA and Topo IB with

and without HS (Figure 7-16)

No Heparin With heparin

Figure 7-16: AFM height images of Topo IB with linear tandem promoter 2521 bp
DNA template with and without HS present. Occasional binding of Topo IB to linear
DNA was seen but no change in contour length or DNA shape was recorded. (Scale

bar = 1um)
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It was observed that 30 % of DNA molecules imaged in the absence or presence of HS
had Topo IB bound. In order to test whether the Topo IB affected the DNA upon
binding, the contour length of the DNA was measured and compared to bare DNA

template (Figure 7-17).
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Figure 7-17: Histogram plots of convergent and tandem linear 2521 bp DNA
template with 10 U of Topo IB. For both DNA templates the presence of Topo IB
does not alter the contour length indicating that the Topo IB does not wrap the
DNA (n= 119 and 146 for convergent without and with Topo IB and n=153 and

n=128 for tandem without and with Topo IB).

The contour length of the convergent promoter 2521 bp template was 834.5 + 4.7 nm
which gives a base pair rise of 0.33 nm which is within the usual experimental range.
When bound by Topo IB a small change in the average to 832.3 £ 5.3 nm was seen. For
the tandem promoter template, the DNA had a contour length of 828.1 + 4.9 nm and
when bound by Topo IB a contour length of 821.0 £ 11.3 nm. There is a small decrease
seen in the contour length which can be considered insignificant but may be due to

bends in the DNA backbone being obscured by binding of Topo IB. Examples of DNA
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bound by Topo IB are shown in Figure 7-18, the cross section analysis shows the

difference in height between, free DNA and Topo IB bound DNA.

1.5nm

Vertical

Pair Distance Species
Green 0.38 (nm) DNA
Red 0.85 (nm) Topo IB

Blue 0.96 (nm) DNA/Topo IB

-1.5nm

pm 20 40 60 30 100

Distance (nm)

Figure 7-18: AFM height image with cross section plot shown below. The image is
918 nm by 918 nm. The table provides the difference in vertical height of the
markers placed at the highest point of each cross section line. It can be seen that
DNA bound by Topo IB shows a slightly increased height from Topo IB alone and
over double the height of bare DNA.

The low level of binding to linear DNA is not surprising as Topo IB does not have
particular high specificity for topologically open DNA. The DNA bound Topo IB had a
slightly greater height than that seen for free Topo IB and on average a height 3.35
times higher than that of the DNA. The binding of Topo IB did not show any preference
for a location on the DNA and was considered to be occurring in a non-specific manner.
In order to access the binding specificity the contour length to the first Topo IB bound
to the DNA, from the shortest arm was measured. The histogram plot shown in Figure

7-19 shows a random distribution of contour lengths.
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Figure 7-19: Histogram plots of the contour length of the DNA to the first Topo IB

molecule for both tandem and convergent promoter templates (n= 100 for both)

The binding of the Topo IB to linear DNA had no apparent effect on the DNA
appearance or length. This meant any changes seen during the in vitro transcription
reactions to the contour length of the DNA and its shape could be assumed to be due
to binding of RNAP or changes in the topological state of the DNA. The activity of Topo
IB in the in vitro transcription buffer and reaction conditions was confirmed by its ability
to relax supercoiled plasmid molecules. As this was confirmed, the effects of Topo IB
on convergent and tandem transcription on a 2521 bp DNA template was then

investigated.

7.3.2 Outcomes of transcription from convergent promoters on a 2521

bp template with and without Topo IB
In order to investigate transcription from convergent promoters the formation of OPCs
was first studied. The arm lengths and inter-RNAP contour length was measured. As
the DNA template did not possess an end label the arms were only discernible by

length. The measurements are summarised in Table 7-2.
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n Inter RNAP
Short arm Total length
contour Long arm (nm)
(nm) (nm)
length(nm)
103 310.1+£3.8 101.8+5.5 362.7+£5.6 774.6 £ 10.9

Table 7-2: Average contour length measurements for short and long arms and inter
RNAP spearation for OPCs formed on a DNA template of 2521 bp with convergent

promoters.

The template had a decrease in contour length of 59.9 £+ 6 nm. This reduction is
expected due to the wrapping of the DNA upon formation of two OPCs [126, 130]. If
the position of the two promoters is expressed as percentage of the template on bare
DNA their position would be 0.45 of the total length for the long arm and 0.41 for the
short arm from the ends of the template. The average measurements give a value of
0.40 + 0.04 and 0.46 + 0.04 indicating that the RNAPs are located at the promoters.

This is visualised by the scatter plot shown in Figure 7-19.
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Figure 7-20: Scatter plot of RNAP positions plotted as a percentage of total contour
length. The average position is shown by the blue dashed line. This is believed to

correspond to the position of the promoters on the DNA.
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Examples of OPCs can be seen in Figure 7-21.

Figure 7-21: AFM height images of OPCs formed on a 2521 bp template with

convergent promoters. (Scale bar = 100 nm)

Once the formation of OPCs was confirmed, elongation was initiated in the absence
and presence of Topo IB. Images were collected and the position of the RNAPs was

analysed. The average measurements are shown in Table 7-3.

Inter-RNAP
Short arm Long arm
Convergent n contour Total (nm)
(nm) (nm)
length (nm)
-Topo 139 3547+7.4 64.4+27 384.1+7.4 803.2+7.0
+Topo 220 3579+44 37.7%21 416.5+3.8 812.1+1.9

Table 7-3: Average contour length measurements for DNA arms and inter-RNAP
contour length after the addition of NTPs with and without the addition of Topo IB

for elongation from convergent promoters.
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As it can be seen in both cases the inter-RNAP contour length has decreased as
compared with the OPCs and the arm lengths have increased from that seen for OPC
samples. This along with the increase in total contour length from OPC samples
indicates that the wrapping of the DNA has decreased and elongation has commenced.
The slightly shorter total contour length from that of the bare template (31.1 £ 5.9 nm
and 20.2 + 3.6 nm, without and with Topo IB, respectively) also indicates that these
complexes are actively bound to the template as two ECs are expected to reduce
contour length by between 20-30 nm due to maintaining a small amount of wrapping
during elongation [294]. The most striking difference between the two samples is the

inter-RNAP contour length.
In samples without Topo IB it was found that the average inter-RNAP contour length
was much larger than when Topo IB is present. Three distinct peaks were observed in

the histogram (Figure 7-22).
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Figure 7-22: Histogram plots of the inter RNAP contour length after elongation
from convergent promoters either without (red) n=139 or with Topo IB (green)

n=220. Plotted on the graph are three Gaussian distributions.
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These peaks are also seen when measuring the inter-RNAP distance as shown Figure 7-

23.
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Figure 7-23: Histogram plots of inter-RNAP distance in the absence and presence of
Topo IB after elongation from convergent promoters. The plots have been fitted

with three peaks using a Gaussian function (n=139 for -Topo IB and 220 for +Topo

IB).

The peaks were fitted with Gaussian curves and the values of the fitted peak centres

are shown in Table 7-4.
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Peak Inter-RNAP Inter-RNAP
contour length distance
(nm) (nm)
Xc Standard Xc Standard
Error Error
- Topo 1 354 0.8 14.3 0.3
(n=139)
2 73.7 0.6 60.7 0.6
3 102.1 0.7 107.3 0.4
+ Topo 1 24.9 0.3 14.2 0.3
(n=220)
2 50.9 0.9 50.9 0.9
3 89.6 0.7 99.7 0.6

Table 7-4: Values of the centre of each peak from fitting the data with three
Gaussian distributions. The standard error values are obtained by dividing the

standad e=deviation of the plot by the square root of number of measurements.

The peak with lowest X. value, peak 1 in the absence of Topo appears to correspond
with those RNAPs that have collided and stalled in hard contact indicated by the similar
distance seen with the 1144 bp template. Peak 2 are RNAPs that have stalled at a

greater distance.
Peak 2 is greatly reduced in the presence of Topo IB in comparison to peak 1. In the
presence of Topo IB the height of peak 1 and number of RNAP pairs represented in this

peak increases indicating that more RNAPs are able to collide and stall in hard contact.

When RNAP pairs are plotted as a percentage of the template this difference between

the two samples can be seen (Figure 7-24).
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Figure 7-24: Scatter plot of positions of RNAP pairs after elongation without Topo IB

(left) and with Topo IB (right). It can be seen that without Topo IB RNAPs stall with

a greater distance between them, whereas with Topo IB present the RNAPs stall in

hard contact.

As can be seen from the scatter plots shown in Figure 7-24, the RNAP pairs can be split

into classes as with the 1144 bp template: Class 1 where both RNAPs are located

between the promoters; Class 2 where one or both RNAPs are located upstream of a

promoter; Class 3 where the RNAPs had a separation equal to or greater than that seen

for OPCs. In the absence of Topo IB, Class 1 made up 45 % of complexes, 43 % of

complexes were Class 2 and 12 % Class 3. In the presence of Topo IB, the distribution

of classes was different with Class 1, 2 and 3 accounting for 62 %, 31 % and 7 %,

respectively.

Example images of complexes from both samples are shown in Figure 7-25.
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-Topo IB +Topo IB

Figure 7-25: AFM height images of complexes imaged after the addition of NTPs on
a 2521 bp template. A) In the absence of Topo IB RNAPS were found to stall with a
separation greater than would be expected if in hard contact. B) With the addition
of Topo IB, RNAPs can be seen to stall at a distance which indicates that they have

collided in hard contact. (Scale bars = 100 nm)

For Class 1 complexes in the absence of Topo IB both RNAPs travelled on average 30.4
+ 2.7 nm which is equivalent to approximately 92 bp. With Topo IB present the average
distance travelled by both RNAPs was 42.7 £ 2.3 nm or 129 bp. The inter-RNAP contour
length of this class was 49.9 + 2.7 nm and 29.1 + 1.1 nm in the absence and presence
of Topo IB, respectively. In the presence of Topo IB, a higher number of RNAPs stall in
hard contact whereas without Topo IB 49 % of the RNAPs stall at a distance equivalent
to approximately 178 bp apart. These complexes are taken to be the outcomes of EC-

EC collision events as both RNAPs have escaped their respective promoters.

The data for Class 2 molecules suggest that the majority of RNAPs had moved upstream
of the promoter by 0.02 + 0.005 and 0.024 + 0.006 of the total template length in the
absence and presence of Topo IB. This equates to a backtracking of approximately 50
bp in both samples. Those that had both RNAPs upstream of a promoter had a
separation of 58.8 + 2.4 nm in the absence of Topo IB and 26.09 + 2.9 in the presence
of Topo IB. These complexes, as with the 1144 bp template, most likely account for EC-
SD collisions which lead to shunting (backtracking) of one or both of the RNAPs

upstream of the promoter. An increase in the occurrence of EC-SD collisions is noted
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in the absence of Topo IB but the distances backtracked remains approximately the
same, while the average separation between the two RNAPs is reduced with the

addition of Topo IB.

Class 3 complexes were much more common than seen previously when using the 1144
bp template, in the absence of Topo IB, accounting for 13 % of complexes analysed.
These complexes include those where both RNAPs have failed to escape their
promoters as well as any non-specific binding events. This increase could be due to
higher levels of non-specific binding with a longer template, however, this is unlikely

as, with Topo IB present, Class 3 complexes only accounted for 7 %.

The distribution of Class 1 and 2 complexes can be visualised by plotting the count of

individual RNAPs at each position on the template (Figure 7-26).
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Figure 7-26: Distribution of individual RNAPs along the template. Each count
represents a RNAP at a given position. Those elongated in the absence of Topo IB
are shown in black. The count of RNAPs at each point is overlaid with each other

from each arm. Those elongated in the presence of Topo IB are shown in red.

The higher number of RNAPs located at the promoters can be seen in the absence of
Topo IB as well as the greater number of RNAPs located between the promoters with

the addition of Topo IB.
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7.3.3 Outcomes of tandem transcription of a 2521 bp template with and

without Topo IB
Having investigated the outcomes of convergent transcription, and the effects of Topo
IB, on the 2521 bp template, the outcomes of transcription from tandemly arranged
promoters were studied. Firstly OPCs were formed on the 2521 bp template and

imaged (Figure 7-27).

Figure 7-27: AFM height images of OPCs formed on tandem promoter 2521 bp
template DNA (Scale bars = 100nm).

The average RNAP position as a percentage of the template for each RNAP was 0.41 +

0.04 and 0.46 £ 0.04 which can be seen by the scatter plot shown in Figure 7-28.
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Figure 7-28: Scatter plot of RNAP pair positions plotted as a percentage of the

template for double OPCs formed on

tandem promoter 2521 bp template DNA. The

average position is shown by the blue dashed line.

The arm lengths and inter-RNAP contour length are shown in Table 7-5. The contour

length measurements and positioning

of the RNAPs indicate these are OPCs.

n Short arm (nm) Inter-RNAP Long arm Total (nm)
contour length (nm)
(nm)

168 314.9+3.5 944+2.0 348.6+4.4 757.9+7.5

Table 7-5: Average contour length measurements for double OPCs formed on

tandem promoter 2521 bp template.

The template shows a contour length decrease of 70 £ 7 nm which is confirmation that

OPCs have been formed. After formation of OPCs, elongation was initiated with and

without Topo IB. The average contour length measurements are shown in Table 7-6.
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Inter-
Inter-
Tandem RNAP
Short arm Long arm RNAP Total
Promoter n contour
(nm) (nm) distance (nm)
template length
(nm)
(nm)
256.9 4299 783.4
-Topo 242 96.51+4.5 58.9+3.5
4.2 3.9 1.4
1979+ 483.6 = 784.8
+Topo 169 103.9+6.2 79.4+4.9
7.0 6.9 +2.0

Table 7-6: Average contour length measurements of complexes elongated from

tandem promoters without and with Topo IB.

After the addition of NTPs, the short arm can be seen to decrease while the long arm
increases in contour length. This along with the increase in the total contour length
from OPC samples indicates that elongation has occurred. It can be seen that upon
addition of Topo IB the average distance moved by both RNAPs increases but there is
no significant change in the contour length separation between RNAPs but a slightly
greater inter-RNAP distance is measured in the presence of Topo IB. In the absence of
Topo IB the leading RNAP travelled 64.2 + 4.2 nm (194 + 12 bp) and the trailing RNAP
travelled 77.35 £ 3.8 nm (234 + 11 bp). When Topo IB was present the leading RNAP
travelled on average 124.5 £+ 7.3 nm (377 + 21 bp) while the trailing RNAP travelled
130.4 £ 6.7 nm (395 19 bp).

Histogram plots of the inter-RNAP contour length and distance provided a more

detailed view of the distribution of measurements (Figure 7-29).
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Figure 7-29: Histogram plots of inter RNAP contour length and inter-RNAP distance
for RNAPs elongating from tandem promoters either with (n=169) or without
(n=242) Topo IB. The histograms have been fitted with a Gaussian fitting function

indicating three main peaks.

Inter RNAP contour length and inter-RNAP distances were fitted with three peaks using

a Gaussian function, the locations of the centre of each peak are shown in Table 7-7.
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Peak | Inter-RNAP Inter-RNAP
contour length distance
(nm) (nm)
Xc Standard Xc Standard
Error Error
-Topo |1 34.6 0.6 19.1 0.2
2 65.9 0.4 46.7 0.4
3 91.9 1.6 87.2 0.9
+Topo |1 29.5 0.3 19.9 0.33
2 48.2 0.8 50.6 0.83
3 99.2 9.9 92.6 0.69

Table 7-7: Values of the centre of peaks fitted to histogram plots with the standard

error calculated from the standard deviation of the fitted curves.

The peak at the lowest value most likely corresponds to those RNAPs that have come
into hard contact. The second peak corresponds to RNAP pairs that have stalled with
a greater separation. The third peak is at a value equivalent to the separation between
RNAPs seen in OPCs, indicating that this corresponds to RNAPs that have failed to
initiate elongation. In the absence of Topo IB, the first peak accounts for approximately
the same number of complexes as those in the second peak. With the addition of Topo
IB the second peak decreases while the first peak’s height increases relative to the
second peak indicating that in the presence of Topo IB a higher proportion of RNAPs

come into hard contact.

The Gaussian fitted peaks indicate that after the addition of Topo IB a higher proportion
of stalled complexes are closer to each other. When the positons of the RNAPs is
plotted as a scatter plot details of the distribution of RNAP pairs over the template can

be seen (Figure 7-30).
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Figure 7-30: Scatter plots of RNAP positions plotted as a percentage of the
template. Without Topo IB (left) it can be seen that a large proportion of RNAP
pairs are located at the leading promoter. With the addition of Topo IB the RNAP

pairs are mainly located downstream of the leading promoter.

As with the 1144 bp template the complexes can be broken down into classes. Class 1
consists of those with both RNAPs downstream of both promoters. This class
accounted for 20 % of complexes analysed in the absence of Topo IB but in the
presence of Topo IB this was the most common class making up 54 % of complexes
analysed. This class most likely occurs when both RNAPs have initiated elongation and
transcribed away from the promoters before stalling. Some of these molecules could
also be the outcomes of EC-SD collision where an elongating trailing RNAP has led to
shunting of a slow to escape or promoter bound leading RNAP. The second class of
complexes were those that had the trailing RNAP located between the promoters and
the leading RNAP located downstream of both promoters. This was the most common
class in the absence of Topo IB (71 %), however, this class of complex only accounted
for 36 % in the presence of Topo IB. These most likely represent a combination of pairs
where the leading RNAP has escaped its promoter while the trailing molecule has failed
to initiate, and are represented by those RNAP pairs on the left of the scatter plots
shown in Figure 7-30. Also included in this class of complexes are those where the

leading RNAP may have failed to initiate transcription. These will have undergone an
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EC-SD collision, but the trailing RNAP has not travelled downstream of the leading
promoter as well as some that may have both RNAPs still resident at their respective
promoters. The final class of complexes are those with both RNAPs at or within the
inter promoter region. Some of these may be a result of non-specific binding events
but are most likely to be complexes where both RNAPs have failed to escape their
promoters and remain as OPCs. Additionally a few may represent a small amount of
EC-SD collisions. These accounted for 9 % and 10 % of complexes in the absence and
presence of Topo IB, respectively. When RNAP position is plotted against count of
individual RNAPs at each position on the template the differences between the
distribution of each RNAP on the template can be seen between samples without and

with Topo IB (Figure 7-31).
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Figure 7-31: Distribution of individual RNAPs located along the template as a
percentage of the total contour length. It can be seen that the leading RNAP (top
panel) travels further before stalling with Topo IB present. This can also be seen for
the trailing RNAP (bottom panel). Without Topo IB is shown in black and with Topo

IB is shown in red. Dark red areas are overlaps of the two data sets.

228



Chapter 7: Supercoiling and collisions

It can be seen in the case of the leading RNAP that addition of Topo IB leads to a more
even spread of RNAPs over the short arm, with peaks at, and just downstream of the
promoter. These peaks in the region of the promoter are seen in both plots, but are
much larger when the Topo IB is not added. The trailing RNAP in both sample sets has
a peak close to the trailing promoter, most likely this represents those RNAPs that have
failed to escape. There are also two peaks seen in both samples, one slightly upstream
of the leading promoter and one slightly downstream, or at the leading promoter. This
is most likely due to pausing at the promoter as was noted by Palmer et al. as well as

the occurrence of EC-SD collisions leading to stalling [422].

7.4 Discussion

7.4.1 Topoisomerase IB

The data shows that Topo IB can be readily adsorbed to a mica surface as was seen in
previous studies by Arganam et al. and Liu et al. [454]. The diameter measurements
show that there are two peaks at approximately 17 and 22 nm. This is similar to results
obtained by Liu et al. for human Topo IB imaged in air in which had a width of 21.5 +
3.4 nm and length of 19.17 + 2.5 nm was measured [459]. This may be due to the
protein’s asymmetric dimensions. The crystal structures of the homologous human
Topo IB gives approximate dimensions of 70 A x 60 A x 60 A and Argaman et al. give
an expected diameter of 7.6 nm for Calf thymus Topo IB [448, 454]. Broadening due
to the AFM tip will also increase the observed diameter [305]. It is also suggested that
upon adsorption to the mica surface it is possible that the protein’s structure is altered
due to the high surface free energy of the mica leading to greater adsorption of
hydrophilic amino acids on the protein surface which may in turn alter the
conformation, or structure of the protein [459, 462]. This reasoning is also given as an
explanation for the reduced height of the protein seen by Liu et al. who recorded an
average height of 2.6 £ 0.3 nm [459]. The reaction buffer and experimental conditions
used in this work differ from that of Liu et al. and may account for the discrepancy in
average height which was measured as 1.15 + 0.2 nm. This latter measurement is in
agreement with that seen in liquid by Subramani et al. who reported a height of 1.4 +

0.3 nm [463].
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The Topo IB activity in the buffer used in this study was confirmed by changes in the
topological appearance of plasmids following the addition of Topo IB. The activity of
the Topo IB was seen to be affected by the presence of HS in the reaction, however,
relaxation of supercoils was still observed. This may be due to the HS binding to the
active site of the Topo IB as might occur with RNAP due to the polyanionic nature of HS
and its similarity to DNA. The inhibition of Topo IB by HS has been reported previously,
with 300 pg/ml giving a 50 % inhibition of human Topo IB [464, 465], and therefore
some loss of activity might be expected. The higher activity of the Topo IB seen in the
presence of RNAP is most likely due to RNAP competing for HS and therefore HS being

bound by RNAP meaning that the effective concentration of HS is decreased.

The binding of Topo IB in the presence of linear DNA template occurs at a low level as
expected and does not seem to show any specificity as is hsown by the position of Topo
IB on the DNA template. Vaccinia Topo IB has been shown to bind to linear, and open
circular DNA, at high DNA:Topo IB ratios, forming loops in the DNA [455]. Moreno-
Herrero et al. noted that the contour length of the DNA was not altered by the binding
of Vaccinia Topo IB and Argaman et al. when investigating calf thymus Topo IB did not
note any change of DNA contour length with Topo IB binding [454, 455]. This can be
expected as changes in the DNA contour length are believed to only occur when
wrapping of the DNA around the protein occurs, for example with RNAP [126, 294]. As
can be seen from Figure 7-32, Topo IB binds in a clamp like manner and does not

require wrapping.

Figure 7-32: Cartoon image drawn from the cystal structure of human Topo IB

bound to double stranded DNA [448].
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7.4.2 Convergent transcription and the effects of Topo IB

The outcomes of convergent transcription on the 1144 bp and 2521 bp templates
differed. The most notable difference is in the distribution of inter-RNAP contour
length. The difference between the average separation of RNAPs on the 2521 bp and
1144 bp templates was 28.5 £ 2.3 nm. This value decreased upon the addition of Topo
IB and is interpreted as a difference in levels of supercoiling occurring in these
templates with two RNAPs bound. Kouzine et al. were able to show that it was possible
to have an isolated domain of negative supercoiling between two divergent promoters
on linear template of similar size [435]. The occurrence of supercoiling is expected to
be short lived but its dissipation would be hindered by not just natural bends in the
DNA but also by the presence of larger bends induced by the two ECs as was noted by
Stupina et al. when investigating the merging of oppositely supercoiled domains in vivo
[294, 443]. The introduction of bends as well as the increased hydrodynamic radius
and molecular weight when two RNAPs are bound would also encourage supercoiling.
This is not unexpected when considering that Nelson’s hybrid-motion theory estimates
that a length of DNA over 400 nm would be spin locked [432]. The template used here
has a contour length of over double this length and so supercoiling may occur. Upon
the addition of Topo IB, the separation decreases which further supports the role that
supercoiling is playing in convergent transcription. Direct evidence for the stalling of
RNAPs due to the introduction of both positive and negative supercoiling has been
reported by Ma et al. and Yinetal. [317,427]. In both experiments it was noted that
36 % of RNAPs studied by Yin et al. and 50% of RNAPs studied by Ma et al. were able
to regain activity if supercoiling was removed in a timely fashion [317, 427]. The
presence of a peak in the inter-RNAP contour length in the absence of Topo IB, which
accounts for 43 % of complexes analysed, supports this because if the supercoiling is
dissipated over time by the global rotation of the complexes, some RNAPs should
regain activity and come into hard contact. The increased inter-RNAP contour length
may arise not just from the force exerted by supercoiling of the template but if
plectonemic structures occur then this may bring the proteins into contact as detailed
in Figure 7-33. After the supercoiling structures have dissipated the RNAPs may rest a

greater distance apart.
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Figure 7-33: Schematic diagram showing the possible role that plectonemic
structures may play in the greater, inter RNAP separation seen between the two
RNAPs when Topo IB is not present to relieve supercoiling. The positive
supercoiling ahead of each RNAP (blue) leads to a hyper-positive supercoiled region
between the two RNAPs. This may form a plectonemic structure which may bring
the RNAPs into contact leading to stalling. The dissipation of the supercoiling due
to the rotation of the template (yellow arrows) leads to the RNAPs being stalled at a

greater distance apart than when no supercoiling occurs.

On rare occasions non-linear DNA structures were noted between two RNAPs. As these
structures were random in nature, in-depth analysis is not possible but examples are

shown in Figure 7-34.

Figure 7-34: AFM height images of stalled elonagtion complexes from convergent
promoters with non-linear structures seen between the RNAPs. These structures

appear different to the backbone DNA (Scale bars = 100 nm).
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Upon addition of Topo IB these structures were not seen but a number of structures
not previously recorded were noted. These structures appeared similar to the
synapses formed by Vaccinia Topo IB (Figure 7-35) as well as the occurrence of

structures that appeared to be looped DNA bound by multiple proteins.

Figure 7-35: AFM height images of looped stuctures seen in samples of elongated
complexes from convergent promoters in the presence of Topo IB (top image).
Below an image is shown of a stucture that appears similar to synapses formed by

viral Topo IB by Moreno-Herrero et al. [455]. (Scale bars = 100 nm).

Again these structures were not analysed due to their disorganized nature but it is
possible that these are outcomes of Topo IB remaining bound to the template. The
involvement of supercoiling between convergent promoters has been suggested when
studying RNAP Il by Rubio et al. [442]. Using a plasmid based system it was found that
when Topo |, Topo Il or both topoisomerases were inhibited a reduction in full length
transcripts was recorded. This indicated that supercoiling can play a role in

transcriptional interference during elongation stage [442].
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The second change noted with the 2521 bp template is the distribution of the different
classes analysed. There is an increased number of Class 2 complexes which are
believed to be EC-SD collisions while there is a decrease in Class 1 complexes (EC-EC
collisions). In the presence of Topo IB, the distribution of classes returns to values
similar to that observed with the 1144 bp convergent template. RNAP scrunches DNA
during initiation before formation of an ITC, it has been suggested that this scrunching
of the DNA may be negatively affected by the presence of positive supercoils in the
template as this would resist the unwinding of the DNA required for this process [60,
132, 133]. In the case of convergent promoters, if the initiation of elongation occurs
asynchronously, positive supercoils downstream of an EC may have an inhibitory effect
on the promoter escape of a RNAP still in the abortive initiation stage. This would lead
to a higher number of EC-SD collisions occurring. The removal of supercoiling by Topo
IB would lead to a distribution similar to that observed when using the 1144 bp which
is the case. This result indicates that supercoiling derived from transcription is able to
influence the promoter escape mechanism and may influence the formation of a
productive ITC. The separation observed between the RNAP pairs that have undergone
EC-SD collisions is greater on the 2521 bp template in the absence of Topo IB and
decreases with the addition of Topo IB. This indicates that supercoiling may also play
arole in the shunting or movement upstream of an inactive complex. It is also possible
that supercoiling may lead to the stalling of the EC and disrupt the wrapping of an SD.
This could cause the final resting positions of RNAPs to be further apart. The scatter
plot has a similar appearance to that observed for the 1144 bp template with those
RNAPs located near to a promoter having a greater separation than those that have
been shunted upstream of the promoters. This is highlighted by the scatter plot shown
in Figure 7-36 which shows only those RNAP pairs that are Class 2 molecules on the

2521 bp template with and without Topo IB and on the 1144 bp template.
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Figure 7-36: Scatter plots of Class 2 molecules from samples using the 2521 bp

template without Topo IB (top left) and with Topo IB (top right). Also shown is the

scatter plot for Class 2 molecules taken from samples using the labelled 1144 bp

convergent promoter template.

The similarity observed between those RNAPs believed to have undergone EC-SD

collisions may be due to these collisions occurring different mechanism that do not

involve supercoiling. It is only the distance between the RNAPs after a collision that

differs.
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7.4.3 Concurrent transcription from tandem promoters with and

without Topo IB
In the absence of Topo IB a distinct difference in the classes as identified can be seen
with an increased template length. With a template of 1144 bp the majority of
complexes analysed have both RNAPs located outside of the inter promoter region,
(Class 1), indicating that collisions are occurring between two RNAPs that have
successfully escaped their promoters and stalled downstream of both promoters (59
%). With an increased template length this class of molecules drops to 20 % of
complexes seen. Upon the introduction of Topo IB into the reaction mixture the
percentage of Class 1 complexes is found to be at a level similar to that seen on the
1144 bp template, 54 %. This change in the number of Class 1 complexes is

accompanied by a change in Class 2 complexes.

In the absence of Topo IB, Class 2 complexes represent the majority of those analysed
(71%). These complexes are believed to be those that represent an EC-SD collisions
between an active EC originating from the trailing promoter and an OPC or inactive
RNAP located at the leading promoter. The fact that the addition of Topo IB leads to a
decrease in this class indicates that supercoiling may be a factor in the escape of the
leading RNAP from its promoter or may influence an ITC from the leading promoter.
The separation seen between the RNAPs in these classes appears to be similar between
the 2521 bp with and without Topo IB and those seen on the 1144 bp template (Figure
7-37)
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Figure 7-37: Histograms showing the inter RNAP contour length recorded for the
1144 bp template (blue n=75) and the 2521 bp template with (green n=65), and
without Topo IB (red, n= 172). It can be seen that the separation seen between

RNAPs is similar for all three data sets.

This similarity in the separation may be due to collisions occurring through a similar
mechanism. If the leading complex is slow to escape its promoter due to it being an
unproductive ITC or moribund complex an EC-SD collision may occur. If this is the case
then negative supercoiling behind the leading RNAP would not be able to oblate the
positive supercoiling ahead of the trailing RNAP. This positive supercoiling may have
an influence on the ability of the leading RNAP to escape its promoter, giving rise to an
increase in the number of EC-SD collisions that occur. The separation seen between
the two RNAPs may be a consequence of the loss of wrapping of an OPC after a collision
or may be due to some shunting of the leading RNAP by the trailing RNAP or both. The
stability of OPCs and the formation of moribund complexes appears to be modulated
by the presence of supercoiling as shown by the reduction in the number of these
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complexes upon addition of Topo IB. The influence of positive supercoiling upstream
of an OPC has not been investigated previously as many studies utilise tandem
promoter templates with differing promoter strengths in experiments involving
multiple rounds of transcription. Such studies have been able to show that not only
does transcriptional interference occur through promoter occlusion but the generation
of positive supercoils from a strong promoter upstream leads to suppression of the
downstream promoter due to the reduced rate of CPC to OPC transition [6, 422, 466,
467]. This system in vivo may provide a mechanism to avoid EC-SD collisions as is seen
in this in vitro system. Even though no previous evidence exists for what the effects of
upstream transcription might have on promoter escape, it has been suggested that
promoter escape and formation of productive ITCs may be influenced by supercoiling.
Both Hsu and Susa suggest that supercoiling may be an important factor in the
transition from abortive to active transcription [468, 469]. It was found by Vo et al that
blockage of promoter escape could occur at the nucleotide addition stage or at the
elongation step. [415]. It was determined through promoter element mutation studies
that the ability to enter productive elongation may involve interactions between the
upstream promoter elements, the sigma factor and RNAP molecule. The generation of
positive supercoils may lead to re-arrangement of the DNA held in the active site. Sen
et al. commented that moribund complexes stuck in the abortive cycle had a reduced
number of open base pairs at the -10 position [417]. Positive supercoiling may be able
to stabilise this structure leading to more OPCs forming moribund complexes. It may
not be the supercoiling itself that alters the transition from abortive initiation to
productive elongation but rather changes in the geometry of the DNA. Bends in the
DNA may lead to an overly stable interaction between the 6’°RNAP and the promoter,
therefore preventing escape from the promoter. The repression of promoter clearance
due to bends introduced into the DNA was noted by McAllister et al. for the Bal129
gene of the phage SP82 [470]. The effects of bending on promoter activity is varied but
repression at each stage of the initiation process has been observed [471]. If the
bending induced by the formation of an upstream OPC as well as the bends introduced
by an upstream EC inhibit or slow down the clearance of the downstream promoter
then an increase in EC-SD collisions would be expected. As collisions lead to
transcriptional stalling this could lead to traffic jams occurring on genes possessing

tandem promoters, which could have a detrimental effect on a cells expression profile.
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The addition of Topo IB in the system allows for a larger number of RNAP pairs to
elongate in conjunction with each other. Stalling still occurs as with the 1144 bp
template but the distribution of RNAPs over the template highlight the change in the

data seen upon addition of Topo IB (Figure 7-38).
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Figure 7-38: Scatter plot of position of RNAPs on the template for samples with and
without Topo IB. It can be seen that with Topo IB present a much greater number
of RNAP pairs are located downstream of both promoters in comparison to when

Topo IB is absent.

If Topo IB is able to relieve torsional stress that may occur between an EC and OPC or
SD and this torsional stress, or changes in topology induced by this torsional stress,
does inhibit promoter escape, then it would be expected that a higher number of RNAP
pairs would be able to escape both promoters when Topo IB is present. The data shows
evidence that supercoiling does not play a role in the stalling of two ECs as the
separation seen between RNAPs is similar to that of the 1144 bp template. This may
be expected; because if both RNAPs are actively transcribing then ablation of
supercoiling would be expected with tandem promoters. In the presence of Topo IB it
was also noted that the amount of bare DNA increased by 20% with the addition of
Topo IB, indicating that Topo IB may play a role in allowing synchronized transcription

to occur.
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7.5 Conclusions

With an increased template length the patterns of stalling of RNAPs from both
convergent and tandem promoters changes. In the case of transcription from
convergent promoters a number of RNAP pairs stall at a distance that indicates that
they are not in hard contact. The decrease in the number of complexes with this
greater separation observed upon the addition of Topo IB indicates that supercoiling
between the two RNAPs is involved in their stalling. A change in the types of collisions
observed also indicates that supercoiling may be an important factor influencing the
process of transcription initiation. The outcome of collisions remains the same in that
both RNAPs remain stably bound to the template. It is also seen from the data that
collisions between an EC and an SD still lead to a roadblock to transcription and that
the shunting of the SD occurs to the same extent. The change observed in the number
of EC-SD collisions in this system may indicate that in vivo dynamic supercoiling may
play arole in preventing EC-EC collisions occurring as often therefore providing a higher

chance of a complete transcript to be synthesized.

Studies by Kouzine et al. observed supercoiling on DNA templates of similar size when
studying multiple rounds of transcription[472]. This study only investigated single
rounds of transcription. This study provides evidence that even with a single round of
transcription, supercoiling is transient, but can still play a role in collisions between two
ECs, as well as influencing initiation from convergent promoters [432]. In regard to the
spin locking hypothesis of Nelson the data indicates that it is possible for supercoiling
to occur on a linear template. It is noted though that ths supercoiling dissipates over
time. This could be considered to be due to the lacking of a cranking mechanism when
transcription has stalled, therefore allowing supercoiling to dissipate. Thus allowing
some RNAPs to continue elongation while others remain stalled at a distance greater
than hard contact. The influence of supercoiling on interactions between RNAPs
provides a new insight into the roles that supercoiling may have in the initiation of
convergent genes with supercoiling providing a feedback system to help prevent

collisions occurring in the first place.
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With transcription from tandem promoters the role that supercoiling plays is not as
clear cut. The apparent increase in the number of collisions occurring at and around
the leading promoter again indicate that dynamic and transient supercoiling may play
a role in regulating simultaneous transcription and be important in avoiding
transcriptional arrest of highly transcribed genes. The stalling of two active ECs is
unexpected as pausing and backtracking have been shown to be reduced through
collisions between tandemly transcribing RNAPs. This stalling process may have
implications on the phasing of the two elongating RNAPs or may be due to other factors
that are not apparent in this study. The increase in the number of stalled RNAP pairs
at the leading promoter and the change in this population with the addition of Topo IB
provide evidence that the transition of an OPC into an active elongation complex is

hindered by supercoiling directly or via the global topology of the DNA complex.
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8 Final conclusions and future work

8.1 Final conclusions

The study of concurrent transcription by AFM has been presented in this work.
Through the development of new protocols to increase accuracy and precision of data
it has been possible to investigate the occurrence of Tl that occurs for both tandem
and convergent promoter arrangements. It has also been possible to investigate the

role that supercoiling may have in collisions.

8.1.1 Improved imaging of DNA protein complexes

AFM provides a powerful technique that allows the study of single molecules or
complexes of DNA and protein, which may be overlooked when using bulk biochemical

techniques.

Even so AFM still has a number of shortcomings, some of which have been addressed
in this work. The addition of ssDNA loop to the end of the DNA was shown by Billingsley
et al to be distinguishable from the DNA backbone and RNAP [5]. Thus showing the
ability to use end bound ssDNA loops as labels of polarity for the DNA. The method
devised by Billingsley et al had low yield of labelled DNA. This method was improved
by the incorporation of ssDNA loop label into a PCR reaction. This method was shown
to produce high yields of labelled DNA due to the exponential increase in DNA template
by the process of PCR. It was observed that the PCR reaction had specific requirements

so that a labeled template could be produced.

These included the use of a 5’-3’ exonuclease deficient DNA polymerase so that the
primer incorporating the loop was not degraded. It was also observed that the
temperature of the extension stage of the PCR was important as the structure of the
loop was require to be maintained throughout the reaction. Meaning that the
extension temperature had to be decreased to ensure that the loop was integrated

into the backbone of the DNA.
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This method provided a highly efficient one pot reaction that allowed for production
of a high yield of labeled DNA. This therefore allowed for faster collection of data and
more detailed information to be obtained from the data due to the fact that the loop

provides a marker of the polarity of the DNA template.

The loop structure was shown to have some effects on transcription. This was
observed at the stages of promoter location and elongation. The loop structure was
observed to prevent dissociation of the RNAP during the promoter searching process.
Once elongation had occurred, those RNAPs that transcribed into the loop structure
were observed to be bound to the loop structure. The cause of the binding the loop
structure during promoter search was not determined but may be due to the single
stranded nature of the loop. The stalling of elongation was also not investigated in

detail as this was not seen as a disadvantageous effect.

The binding of the RNAP to the loop highlighted another issue known to AFM when
studying DNA protein interactions. This is the occurrence of non-specific binding. In
many studies the inhibition of non-specific binding has not be possible. Bulk
biochemical methods often utilised polyanionic molecules that are able to
competitively bind to the DNA binding proteins. In the case of RNAP heparin is often
used, as it is able to bind non-specifically bound RNAPs but not those that have formed

OPC [401].

The use of heparin in AFM samples has been seen as not viable due to the highly
negative charge of heparin being able to alter or prevent the binding of DNA to the
mica surface [127]. Investigations presented in Chapter 6 show that both the
polyanionic molecules heparin and heparin sulphate (HS) do alter the binding of DNA
to the surface. This is not the case though when included in samples that contain
proteins. The presence of proteins in the sample prevents the heparin and HS from

forming over the mica surface.

It was found though that when investigating transcription from two promoters, heparin

did not allow for the regular formation of two OPCs. This effect may be due to the

instability of OPCs due to wrapping of the DNA upon formation of an OPC. It was found
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though that the less negative structurally similar HS did not prevent the formation of
two OPCs and so was utilised in investigations of concurrent transcription. The
incorporation of HS providing more certainty in data and also improving the speed at
which data can be collected, by reducing the number of complexes that need to be

discounted due to large numbers of RNAPs being bound.

8.1.2 Transcriptional interference and the effects of

transcription-coupled supercoiling.

With inclusions of HS in samples it was observed, for convergent promoters, that the
majority of collisions occurred between the two promoters (EC-EC collisions). It was
also observed that the majority of these collisions resulted in the RNAPs stalling in hard
contact. The stalled RNAPs remained bound to the DNA even in the presence of HS
indicating that they would induce Tl and therefore seriously interfere with gene

expression.

The second most common class of collisions observed was thought be a consequence
of an EC colliding with a RNAP still bound to its promoter or in an inactive state. These
collisions appeared to occur by two distinct mechanisms. This was reasoned due to the
distance between the two RNAPs as well as the position on the template. Some
collisions resulted in large scale movement of both RNAPs upstream of the promoter.
With the RNAPs stalling in hard contact. Other collisions resulted in RNAPs being bound
near to the promoter with the RNAPs being in close proximity rather than hard contact.
These difference were thought to show that the stability of an RNAP on the DNA

template differs at different stages of the initiation cycle.

In order to investigate whether the occurrence of these collisions was affected by the
topology of the DNA template, experiments using larger templates in the presence
absence of Topo IB were performed. A change in the average distance observed
between RNAPs that had undergone EC-EC collisions was seen after initiation of
elongation on the 2552 bp templates, with no more than 50 % of collisions resulting in

hard contact. A change in the populations of collision types was also recorded. The
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number of EC-SD collisions observed increased. In the presence of Topo IB the number
of EC-EC collisions was similar to that seen on the 1145 bp template. The separation
between the collided RNAPs indicated that a greater number came into hard contact.
As the presence Topo IB altered the outcomes of collisions it was reasoned that
supercoiling of the template played a role. The data indicates that supercoiling affects
the transition of an OPC into an elongating complex. The increased EC-EC RNAP
separation indicates that positive supercoiling may build up between two actively
elongating RNAPs and cause them stall. This may occur without hard contact occurring

or by a mechanism of supercoil driven backtracking.

When considered in the context of nested genes the results indicate that Tl would lead
to effects on gene expression, due to the inability of RNAPs to pass. It is most likely
that in vivo mechanisms would exist prevent collisions and to clear stalled collided
complexes. One mechanism by which convergent genes may be regulated is through
the local supercoiling introduced by transcription itself. The increase in EC-SD collisions
is an indication that supercoiling may provide at least one mechanism by which RNAPs
may be able to communicate to each other in order to avoid collisions. An increase in
positive supercoiling has been observed in vivo, to reduced formation of OPC [127]. It
may be possible that the ability of these complexes to be shunted back by an EC would
allow for a stronger promoter to efficiently drive transcription through the cumulative

action of multiple ECs.

In the case of tandem promoter arrangements the discerning of EC-EC an EC-SD
collision is more difficult. Data collected in the presence of heparin when two
promoters are present indicate that a second RNAP leads to changes in initiation and
elongation from a downstream promoter. Stalling of both RNAPs is recorded. It may
be expected that an upstream RNAP may be able to act cooperatively for a downstream
RNAP to overcome pauses and stalling, but the results indicate that this is not the case
in this system. This could be due to the fact that both RNAPs are active and not in an
intentionally stalled or backtracked state upon collision [201, 421]. The spacing of
promoter may play a role with how RNAPs originating from separate promoters
interact, similar to what was observed by Ponnambalam et al. [203]. Collisions show

similar outcomes as convergent, where RNAPs are unable pass each other and that

246



Chapter 8: Final conclusions

collisions result in RNAPs stalling in hard contact. With a longer template an increase
in collisions around the downstream promoter was observed, which were reasoned to
be EC-SD collisions, where the downstream RNAP had failed to initiate elongation. This
increase in EC-SD collisions was not observed when Topo IB was present. This indicate
indicates that topology and transcription driven supercoiling are factors that are able

to influence concurrent transcription.

The observation of changes with the introduction of Topo IB was reasoned as being an
indirect indicator of DNA topology changes occurring due to transcription. The
selection of a longer template was made in light of the spin locking theory suggested
by Nelson [432]. The results obtained indicate that supercoiling is occurring on the
linear template even though it is topologically open. Nelson theory suggest that the
DNA is able to become spin locked when cranked at a certain speed and the DNA is
over a certain length [432]. The results here agree with this in that supercoiling can
occur on the 2552 bp template. When RNAPs stall there is loss of the cranking
mechanism, allowing for supercoiling to dissipate. This dissipation is most likely the
cause for the high number of EC-EC collisions observed with the 2552 bp template that
resulted in hard contact stalling. Ma et al observed that when positive supercoiling is
applied up or downstream of an RNAP stalling occurs, and for 50 % of stalled RNAPs,

elongation resumed upon removal of supercoiling.

8.2 Future work

The two methods presented in this body of work, high-throughput labelling and the
incorporation of HS into AFM samples, are both novel. The use of these methods in
other AFM studies of DNA protein interactions will help to provide detail in a number
of studies as well as helping provide more precise and confident data. Further
investigation into the binding of HS to the mica surface would allow for a better
understanding of the interactions that occur between DNA, proteins and mica, allowing
the further development of methods to incorporate HS and other similar molecules in

AFM samples in a controlled and defined manner.
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In order to further investigate the occurrence of collisions between RNAPs originating
from both tandem and convergent promoters a number of experiments are desirable
to further confirm the importance of topology on these interactions and the outcomes
of different classes of collisions. The use of linear templates with single stranded nicks
in the DNA between promoters would provide a relevant control. The nick in the DNA
would allow the dissipation of torsional stress and so it would be expected that the
distance at which RNAPs stall would be similar to that seen when using the 1145 bp
template, or when in the presence of Topo IB. For convergent promoter arrangement
the use of topologically closed DNA templates would provide a more direct read of the
topology of DNA. As elongation occurs the template would increase in its writhe and
or twist, thereby adopting a different conformation when imaged by AFM. This
conformation and the extent of any supercoiling could be assessed by counting the
number of visible crossovers, or nodes as well as accessing the topology of the DNA
using gel electrophoresis [460, 461]. This could be further extended to the use of
template containing a cruciform structure. Cruciform structures have been observed
to be responsive to topology, and by careful design can be made highly sensitive as
observed by Yang et al and Shlyakhntenko et al. [473, 474]. By placing the cruciform
outside the inter-promoter region it would be expected that negative supercoiling
would cause cruciform intrusion, whereas when placed between the two promoters

cruciform extrusion would be expected.

The data collected in this study could be further supported by the use of bulk
biochemical techniques. The method of reconstructing elongation complexes, assured
by Hobson et al. provides a combination of Dnase | mapping of the active sites of
RNAPs, providing highly accurate positioning of RNAPs on a template [200, 318] . This
method of purifying those EC that have undergone a collision, combined with
radiolabelled sequencing of the transcripts would provide information on the activity
of those RNAPs that have undergone EC-SD collisions. The use of FRET may also be
viable in helping distinguish such collisions. FRET could be used to monitor the
structure of the active site of the RNAP and determine what stage the of the initiation
process an RNAP is at. The sequential formation of OPCs on the template using an

inactive and active RNAPs would also allow in depth study of just EC-SD collisions.
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The use of combined optical /AFM techniques such as combined AFM and TIRFm would
allow the locating of specific proteins on the DNA template. Distinction between
RNAPs, or the distinction between RNAP and the Topo IB, would provide more detailed

information on how these proteins may interact throughout transcription.

For tandem promoter arrangements further studies using templates possessing more
promoters as well as different spaced promoters would provide detail on whether
cooperativity can be observed as well as the importance of the phasing of the RNAPs
has in the stalling process. The spacing of promoters in convergent templates would
also provide more information on the effects of topology. It would be expected that
an increased inter-promoter distance would allow for more supercoiling to occur,
therefore causing RNAPs to stall at a greater distance. The size of templates could also
be studied by increasing the length of the template from 1145 bp to greater than 2552
bp. This would allow for a value of Lc from the spin locking theory of Nelson to be
determined [432]. The larger template may also prevent the dissipation of supercoils
once transcription has stalled, therefore allowing supercoiled structures to be readily

imaged by AFM.

One final set of future experiments would be the study of collisions in situ. This could
be achieved using high speed AFM setups in a liquid environment. This would provide
real-time observations of collisions as they occur, giving better insight into the process
of shunting and backtracking in both tandem and convergent promoters. The use of
DNA origami tiles as platforms for the attachment of templates as used by Endo et a/
or the use of DNA origami cassettes would provide a method to locate template DNA
on the surface. The ability to fine tune the DNA and mica interactions as shown by Lee
et al. would also enable better control over the system, as previous experiments found
that the DNA may intermittently contact the mica surface, therefore effecting the
elongation process. Even though in situ imaging provides a real-time visualisation of
collision events, current methods are slow and not fully suited to studying complex
reactions such as concurrent transcription and so may need further development

before being truly viable.
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