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Abstract

Genomic DNA is organised in complex spatial arrangements, and a given stretch
of DNA may encode more than one gene. In some cases one gene may be
entirely contained within a region of the DNA already occupied by another
larger gene. The presence of these nested genes, often situated in introns and in
the opposite orientation, poses important implications with regards to gene

expression, function and regulation.

A consequence of the nested gene arrangement is convergent transcription,
occurring when two promoters on opposite DNA strands are active. Elucidating
the mechanics of multiple interacting proteins on single DNA templates
requires single molecule methods such as atomic force microscopy (AFM). AFM
can accurately determine the relative positions of enzymes, such as RNA
polymerase (RNAP), on individual DNA templates. The central aim of this thesis
is to use AFM to study the outcomes of convergent transcription, using linear

DNA templates that function as models for nested genes.

Fundamental aspects of imaging DNA on mica with AFM were investigated, with
a view to optimising sample preparation. The main processes involved with
preparing DNA samples, ready for scanning, were examined in turn. Effective
binding was achieved by introducing divalent cations into a deposition buffer.
Mica ion exchanged with Ni(II) usually gave rise to kinetically-trapped DNA
molecules, however short linear fragments (< 800bp) were seen to deviate from
the expected behaviour, indicating that ion-exchanged mica is heterogeneous,
and contains patches or domains. These findings can be used to more readily

control binding of DNA to substrates.

The outcomes of varying the relative humidity while imaging biomolecular
systems are largely unexplored to date. Various DNA samples were imaged in
conditions of varying humidity. In particular when supercoiled plasmids are
scanned at very high relative humidity (> 90% RH), localised DNA backbone

motions or conformational changes were observed. Humidity controlled AFM
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Abstract

will be a useful technique for probing DNA topology without some of the

drawbacks of imaging under bulk solution.

Initial studies of transcription utilised templates containing two promoter sites
and E. Coli RNAP. Two promoter arrangements were studied: a convergent
template containing the promoter sites on opposite strands directed towards
each other, and a tandem template containing the promoters in the same
direction, on the same stand. It was shown that collisions between RNAPs led to
similar outcomes in both cases: RNAPs are unable to pass each other and
remain stalled against each other. In the convergent case, it was observed that

after collision one RNAP could cause another to backtrack along the template.

By end-labelling double-stranded (ds) DNA templates with a single-stranded
DNA loop, the polarity of the molecules can be established in the AFM. It
allowed better discrimination between outcomes of collision events on single
DNA molecules and importantly, it enabled a quantitative comparison of the
relative frequencies of the outcomes. The most common outcome is a collision
between an actively transcribing elongation complex (EC) and a “sitting duck”
(SD), which is a stalled RNAP or open promoter complex (OPC). In collisions
initiated from OPCs, the most likely outcome, a collision between an EC and an
SD occurs ~74% of the time. This causes sizeable back-tracking of the inactive
RNAP, on average 59 nm upstream of the promoter. A significant fraction of the
collisions (~15%) are between actively transcribing RNAP while the remainder
(~11%) are undetermined. End-labelling of dsDNA using nucleic acid structures
did not interfere with AFM sample preparation and can be used as a generic
approach to studying interactions of multiple proteins on DNA templates at the

single molecule level.
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Chapter 1

1 Introduction to DNA and convergent transcription

The molecule deoxyribonucleic acid (DNA) carries a crucial importance for life.
Within its structure DNA contains the genetic information to construct proteins,
molecules which participate in nearly every biological process in cells, and
hence has a role in the development and effective functioning of every living
organism. This chapter begins with a description of the components of nucleic
acids, and how the double-helical structure of DNA lies at the heart of its ability
to convey the genetic information. Transcription is the process whereby RNA
polymerase catalyses the synthesis of an RNA chain using a complementary
DNA sequence as a template. The main stages and processes in this process are
described. This thesis focuses on the investigation of an interesting spatial-
arrangement of genes. A nested gene is a functional gene that is completely
embedded in a larger gene. In particular we look at the implications of
simultaneous expression of both nested and host genes. Previous studies into
this phenomena and situations where multiple RNAPs interact on the same

sequence are also reviewed.
1.1 Nucleic acid structure

1.1.1 The discovery of DNA as the genetic material

The Austrian monk Gregor Mendel can possibly be thought of as the originator
of the science of genetics. He chose the pea plant as his model system, and
observed that various inheritable characteristics occurring in alternate
identifiable forms, such as flower colour, persisted over many generations.
More importantly he went on to study crosses between plants with differing
traits, and concluded that these qualities were controlled by two factors (later
known as genes), one from each parent. Around the time of Mendel’s work it

was discovered that the nucleus was responsible for carrying the heritable
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characteristics of the cell, and that heredity in humans was transferred through

the egg and sperm.

The development of special dyes allowed the interior of the nucleus to be
probed, and led to the discovery of chromosomes using optical microscopy
techniques. These were present in a constant number for a particular species,
and observed to exactly double prior to cell division, with each daughter cell
subsequently receiving one copy of each chromosome present in the parental
cell. It was also found that sex cells had half the number of chromosomes
expected, but that fertilization between the sperm and egg acted to restore the
chromosomal number, with one set coming from the male parent and one from
the female. It was subsequently proposed that factors such as those observed by
Mendel were physical objects, or genes, located on the chromosomes. The first
physical characteristic discovered to be governed by chromosomes was sex
itself. Studies on the red-eyed fruit fly Drosophila found that heritable traits
were dependent on the fly’s sex [138]. One genetic cross was observed to have
white eyes. The mutated gene responsible for eye colour was subsequently
located on the X sex chromosome. Later it was discovered that x-rays could
induce changes in the structure of chromosomes, and that these mutations
would alter the heritable characteristics governed by the chromosomes [16,

191].

The realisation that genes were located on chromosomes was an important
development, however as long as their molecular structure remained unknown
it would be difficult to further understand genetics. With the development of
the electron microscope in the 1940s, it was hoped that with the improved
imaging resolution it would be possible to resolve individual genes situated on
chromosomes. However, the early images were highly disordered and
suggested an irregular gene arrangement. Later, it did become possible to purify
chromosomes away from the other cellular components, providing new insights
into their constituents. The two main components were found to be DNA and
small positively charged proteins known as histones. DNA was discovered as
early ago as 1869 by the Swiss scientist Frederick Miescher, when he

discovered a curious phosphorus compound in white blood cells. He originally
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named this compound nuclein, but it later became known as nucleic acid. DNA
certainly had the location expected for the genetic material, but it was still
believed that another small, poorly understood protein would be the true

genetic carrier.

This view began to change after studies into the pathogenicity of bacteria. It was
found that if an amount of pathogenic cells previously inactivated by heat were
mixed with living non-pathogenic cells, then a small percentage of the living
cells became pathogenic [11]. The transforming agent was later discovered to
be DNA. The role of DNA in heredity was finally confirmed after studies into T2
bacteriophages [89]. The phages were radiolabelled and it was discovered that
when the virus infected a bacterium only DNA entered and that their protein
coats remained outside. Infection led to the appearance of mutated phages, and

thus it was concluded that DNA had to be the true genetic material.

1.1.2 The constituents of nucleic acids

DNA (deoxyribonucleic acid) is a long chain-like molecule constructed from
small nucleotide monomers. These nucleotides comprise of three key
components: a sugar, a phosphate group, and one of four bases. There are two
groups of bases; both classes are flat, ring-shaped molecules containing carbon
and nitrogen, but differ in that the pyrimidines (cytosine and thymine) contain
one ring, whilst the purines (adenine and guanine) have two (see Figure 1-1).
The sugars in DNA are always 2’ deoxyribose, which contain five carbon atoms,
labeled 1’ to 5’, and adopts a ring structure via an esterification reaction
between the carbonyl group on carbon 1’ and the hydroxyl group on carbon 4’.
(Figure 1-2). The phosphates in DNA are always monophosphates, whilst free
nucleotides can contain di- and triphosphates. The acidic natures of nucleic
acids arise from the presence of phosphate esters, which release hydrogen ions

in solution.
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Figure 1-1 Nucleic acid bases

RNA (ribonucleic acid) shares some of the features of DNA; its structure
consists of chains of nucleotides, each containing a phosphate group, sugar and
either a purine or a pyrimidine base. However, the sugar group in RNA is
different to that of DNA, containing an extra oxygen atom on carbon atom 2’ to
become ribose (see Figure 1-2). In addition, the base thymine is not present in

RNA, but is replaced by the structurally similar pyrimidine uracil.
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Figure 1-2. The sugar units present in nucleic acids. In the case of RNA this is a ribose,
whereas DNA contains the sugar deoxyribose. Deoxyribose lacks an oxygen atom that is

present in ribose.

Nucleotides are formed in the same way: the 1’-carbon of the pentose sugar is
attached to nitrogen-9 of a purine base (Figure 1-3a) or nitrogen-1 of a
pyrimidine base (Figure 1-3b), while a phosphate attaches to the 5’-carbon of
the sugar. Nucleotide monomers are joined together to form a nucleic acid, and
are linked together by chemical bonds between the phosphate group of one
nucleotide, and the sugar (ribose or deoxyribose) unit on the next. These
linkages take the form of phosphodiester bonds, with the phosphate group
connecting the 5’-carbon on one deoxyribose residue to the 3’-carbon in the
next sugar residue (Figure 1-3c). As a result, a nucleic acid chain will always
have a terminal sugar group in which the 5’-carbon is not linked to another
residue, whilst the other end contains a 3’-carbon that is not linked to another
nucleotide. It is thus possible to define distinct ends of a nucleic acid chain; the
5’-end and the 3’-end. The phosphodiester bond is a group of strong covalent
bonds between the phosphate group and a sugar, meaning that the bonding
between groups in the molecules backbone is strong compared to the weaker
hydrogen bonding between complementary base pairs. This keeps the molecule
together during processes such as replication and transcription, when the base

pairing is broken.
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Figure 1-3. DNA nucleotides: (A) Deoxyguanosine monophosphate (contains the purine
guanine), (B) Deoxycytosine monophosphate (contains the pyrimidine cytosine). The
base (shown in green) is attached to a sugar pentose ring (red), which is in turn bonded
to a phosphate group (blue). (C) Nucleotides link together via a phosphodiester bond to

form nucleic acids. Many of these linkages come together to form a DNA chain.

1.1.3 The DNA double helix

It took some time from DNA first being discovered until its structure was finally
elucidated. The most important early method used to probe DNA structure was
x-ray diffraction. In an x-ray crystallography experiment, a crystal is mounted
between an x-ray source and an x-ray detector. The crystal diffracts the source
beam into many discrete beams, each of which produces a distinct reflection on
x-ray film. A distinguished early x-ray worker was Rosalind Franklin. She
passed a beam of x-rays through alligned DNA fibres, and observed a distinctive
cross-like diffraction pattern [70]. This particular diffraction pattern is typical

of helical structures, and showed that DNA has a preferred orientation.



Chapter 1 Introduction to DNA and transcription

Edwin Chargaff was the first person to study the bases of DNA quantitatively.
He isolated DNA from the nuclei and broke it down to its constituent nucleic
acids, before using paper chromatography to separate the purines from the
pyrimidines. The different solubilities of the two classes means that they travel
up the paper at different rates. He then exposed the two components to UV
light, and by virtue of the fact that each base absorbs light of a characteristic
wavelength he was able to determine how much of each base was present in
DNA. He saw that the amount of each base varied massively between different
organisms, but that the amount of the purine adenosine (A) was very similar to
the pyrimidine thymine (T), and similarly that the amounts of cytosine (C) and
guanine (G) were almost identical [33, 34]. As such, the number of purines

always equaled that of pyrimidines.

These two findings led Watson and Crick to propose their now famous double
helical structure of DNA [209]. In their model, the sugar and phosphate
molecules are oriented on the outside of the molecule, making the backbone.
Two chains of nucleotides coil around each other to form a right-handed helix
(Figure 1-4A). The two strands in duplex DNA are anti-parallel; that is the
polarity of the phosphodiester bond is 5’—3’ in one strand and 3’—5’ in the
opposite strand. The four bases are situated in the interior of the molecule, and
are oriented in such a way that they can form hydrogen bonds with bases on the
opposite strand. These base parings are not random, and follow so called
Watson-Crick base pairing rules. Adenine (A) can pair only with thymine (T),
while guanine (G) can form bonds with cytosine (C) alone. Cytosine is linked to
guanine by three hydrogen bonds, whereas only two hydrogen bonds join
adenine to thymine (Figure 1-4B). This means that a C=G bond is more stable
than an A=T link. In fact, DNA molecules with a high occurrence of G-C base
pairs can withstand higher temperatures before the two strands unwind and
come apart, a process known as denaturing. The structure of DNA produces a
largely hydrophobic interior consisting of DNA bases, and a hydrophilic exterior

comprising of the sugar-phosphate backbone.
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Figure 1-4. (A) DNA double helical structure consisting of two complementary DNA
strands winding around each other. These consist of sugar-phosphate backbones and
four different bases. The two strands are anti-parallel to each other, and their twisting
forms spaces or grooves in the molecule. The major and minor grooves allow proteins to
make contacts with exposed bases. (B) Watson-Crick base-pairs, showing hydrogen
bonding as dotted lines. Thymine (T) bonds to adenine (A) by two hydrogen bonds.
Cytosine (C) bonds to guanine (G) by three hydrogen bonds.

DNA can take various conformations and the kind described by Watson and
Crick is known as the B-form (see Table 1-1 and Figure 1-5 for comparisons of
main forms). B-DNA represents the conformation found most commonly in
vivo, and consists of a right-handed helix with around 10 base pairs per helical
turn, and a repeat distance between each turn of 3.4 nm. A right-handed helix
observed along its helical axis spirals in a clockwise fashion away from the
observer. The bases lie perpendicular to the helical axis, giving the molecule an
overall diameter of 20 A. In 1980, the structure of B-DNA was analysed to
atomic resolution, and on the whole the findings agreed with the Watson-Crick
model [211]. A dominant feature of B-form DNA is the presence of two distinct
grooves running around the surface, a major and a minor grove (Figure 1-4A).
These two grooves provide very distinct topographical features with which

proteins can interact.
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Table 1-1 Structural features of the main forms of DNA

DNA Helix Bp/ Turn Helix diameter Major Minor

Conformation handeness (nm) groove groove

B Right 105 5 Wideand Narrow and
deep deep

A Right 1 26 Narrow and Wide and
deep shallow

v Left 12 1.8 Flat Narrow and

deep

Figure 1-5. Comparison of the A, B and Z forms of DNA. B- and A-DNA are right handed
with around 10 and 11 base pairs per helical turn. B-DNA is thinner than A-DNA. Z-DNA is
left handed with 12 base pairs per turn. The different grooves at the sides of the helices

can be seen. The major and minor grooves of B-DNA are especially prevalent [1].

In her experiments Franklin actually observed two distinct diffraction patterns
for DNA, termed the ‘A’ and ‘B’ form. What form the diffraction pattern took was
dependent on the humidity in which the experiment was performed, with the
‘B’ pattern being obtained at high humidity (e.g. 92 %) and the ‘A’ pattern being
identified at a lower humidity of around 75 % [70]. The ‘B’ pattern was later

9
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analysed to give rise to the structure of B-form DNA. Compared with B-form
DNA, the A-form helix is broader (2.6 nm in diameter) and the bases are tilted
and lie well off the helix axis. A-DNA contains a narrow and deep ‘major’ groove
and a shallow and wide ‘minor’ groove. Hence it is more appropriate to refer to
the A-DNA grooves as deep and shallow [141]. A-DNA is structurally similar to
double-stranded RNA and may participate in RNA-DNA binding.

By 1980, chemists had learned how to synthesise DNA chemically in large
amounts, and how to purify it so that it was possible to grow crystals of short
base sequences. The sequences CGCG and CGCGCG, as analysed independently,
each crystallised as left-handed double helices in the Z-form [57, 208]. A left-
handed Z-form helix observed along its helix axis spirals in an anti-clockwise
fashion away from the observer. For years it was assumed that DNA could only
be right-handed. Earlier work by Fritz Pohl and Tom Jovin, had suggested that
alternating C-G sequences such as CGCG might be either right-handed or left-
handed depending on the salt concentration [155], but only a few specialists

had taken them seriously.

The Z-form is also distinguished by the zigzag path of the sugar phosphate
backbone. The Z confomation can be found in DNA molecules with alternating
purine-pyrimidine sequences and is favoured by conditions such as high salt.
The Z-DNA helix, at 1.8 nm in diameter is narrower than in B-DNA, and the

helical repeatis 12 bp per turn compared with 10.5 bp per turn.

1.1.4 RNA structure

DNA carries the genetic information, but the reading of this code requires a
different kind of nucleic acid, namely ribonucleic acid (RNA), which is
subsequently translated by ribosomes to form a functional protein. RNA forms
very different structures to DNA, a direct consequence of the additional
hydroxyl group present on the ribose sugar of an RNA nucleotide (see riboses in
Figure 1-2). This prevents the molecule from forming a stable double helix,
meaning that RNA exists as single-stranded molecules. It is therefore possible

for distant regions of the chain to interact via Watson-Crick base pairing.

10
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Depending on its primary sequence, RNA can form a number of secondary
structures including hairpins, loops and junctions [15, 35]. The structure of RNA
perhaps has more in common with proteins than DNA, as an RNA chain will fold

up to form a complex 3D shape.

Figure 1-6. Example of an RNA stem loop. Due to its single stranded structure and
inherent flexibility distant segments of RNA consisting of inverted bases can form base
pairs. Here, two regions (red and orange) come together to form a stem, while the region

in between forms a circular loop.

The variety in RNA structure and function is illustrated by comparing the three
main RNA types found in the cell. Messenger RNA (mRNA) is a copy of a DNA
region which encodes a specific amino acid sequence. Transfer RNAs (tRNA) are
small adaptor molecules that carry amino acids to ribosomes, and have a
structure comprised of stems and loops (see Figure 1-6), which can interact
with distinct elements. Ribosomal RNA (rRNA) is the main constituent of the
ribosome, and shows that RNA can also function as a catalyst and not just as a
structural element. Ribosomes facilitate the interaction between mRNA and
tRNA, allowing amino acids to be joined together, resulting in protein

translation.

11
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1.2 DNA Transcription

1.2.1 The central dogma of molecular biology

DNA’s main functions are in the storage of genetic information used for
encoding proteins, and the ability to pass-on this information to future
generations. All cellular processes depend on proteins in some way, and as they
carry such an importance for life they must be constantly produced in a
regulated and reproducible manner. The fact that DNA is made of two strands of
complementary shapes lies at the heart of its ability to convey the genetic
information [53, 209]. The information flow from DNA to RNA to protein was
first described by Crick, and became to be known as the central dogma of

molecular biology (Figure 1-7) [52].

DNA TRANSCRIPTION RNA TRANSLATION . PROTE'N

REPLICATION

Figure 1-7. The central dogma describes the residue by residue transfer of sequence
information between the information-carrying biopolymers. This ultimately leads to the

expression of genes into proteins.

If the hydrogen bonds connecting the two chains of DNA are broken, then the
helix will unwind and the strands will separate. The two resultant single-
stranded DNA molecules can act as templates for the formation of new
complementary chains, and thus two identical daughter strands can be formed
from the original double helix. During cell division DNA replicates itself to form
two DNA molecules with identical sequences, allowing the information needed

to produce proteins to be passed on to future cell generations.

The sequence of bases in a long chain of DNA carries the information needed to
ultimately determine specific amino acid sequences, and hence protein
structure and function, and a segment of DNA that contains the information
needed to make a particular protein is known as a gene. DNA is the starting

point for protein expression and the information contained within its base

12
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sequence is passed on during the process of transcription; a process whereby
RNA polymerases (RNAPs) use DNA as a template for the synthesis of
messenger RNA (mRNA). The mRNA is a direct copy of the coding DNA strand.
The mRNA is then processed, before moving outside the cell nucleus where it is

translated into chains of amino acids (proteins) by the ribosomes.

1.2.2 Introduction to DNA Transcription and RNA polymerase

Transcription is a central step in the process of gene expression and its study by
AFM is the focal part of this thesis. DNA transcription is carried out by the
enzyme RNA polymerase (RNAP), a protein first described in 1960 [96]. RNAPs
can occur as both single and multiple subunit enzymes. Bateriophages and
mitochondria contain RNAPs of the single-subunit variety, whilst polymerases
from bacterial, archaeal, and eukaryotic cells are representative of the multi-
subunit class. Of the multi-subunit RNAPs, perhaps that of E.coli is the best-
studied. These enzymes are constructed from four subunits: § containing 1407

amino acids, 8’ (1342 amino acids), and a dimer of a (329 amino acids) [55].

Newly synthesised RNA chain

Figure 1-8. (a) X-ray crystal structure of Thermus aquaticus core RNA polymerase.
Adapted from Zhang et al. [219] (b) Schematic diagram of RNAP-nucleic acid complex.
The enzyme acts to unwind the DNA helix. The structure resembles that of a hand, with a
region of single stranded DNA lying in its “palm”. NTPs can enter through a channel in the
interior of the enzyme. RNAP catalyses the joining of these nucleotides, using DNA as a
template to form a complementary chain of RNA, which exits the enzyme under its
“thumb”.
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Zhang et al. used X-ray crystallography to reveal the structure of RNAP from
Thermus aquaticus (Taq), with a resolution of 3.3 A [219] (Figure 1-8a). The
molecule is characterised by its “crab-claw” shape (Figure 1-8b), housing a
groove running the entire length of the inner surface. This is a distance of
approximately 30 A, allowing around 9 base pairs (bp) of DNA to be
accommodated. The active site of the enzyme is located deep within the
molecule, where there are also binding sites for catalytic Mg(II) ions. In addition
to the main channel there is a secondary pore, which allows individual
nucleotide triphosphate (NTP) molecules access to the active centre of the
RNAP. The crystal structure of Taqg RNAP corresponds well with the structure
of E.colii RNAP obtained by electron crystallography [156], meaning that
functional data obtained from experiments on E.coli RNAPs can be explained
using the high resolution structure of Taq polymerase . The dimensions of E.coli
RNAP as revealed by electron crystallography at ~25 A resolution, have been
found to be ~100 x 100 x 160 A [55].

1.2.3 Transcription Initiation

The process of transcription can be separated into three main stages:

e [nitiation
e Elongation
e Termination

In the initiation stage, the RNA polymerase is able to recognise a specific DNA
sequence, termed the promoter region. This region lies just upstream of the
main coding sequence of the gene. At this point the polymerase acts to melt, or
separate, the two DNA strands to form a “transcription bubble”. Certain DNA
sequences are highly conserved and are found in the promoter region of most
genes. For example, the commonly occurring TATA box is an AT-rich sequence,
occurring around 30 bp upstream from the transcription start site [43].
Promoter recognition is aided by specific proteins called o-factors, which
recognise distinct DNA sequences. A major protein involved in the E. coli

transcription cycle is 679, with the superscript denoting the molecular weight in
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kDa [130, 163]. DNA binding-proteins such as transcription factors are

typically a pre-requisite for the cell to become transcriptionally-active.

For transcription to initiate, the polymerase must first associate with the small
region of DNA known as the promoter. This is an extremely short area of DNA
when compared with the full length of a typical gene. If the polymerase were to
diffuse in three dimensions until it encountered the promoter site, then the time
taken would be prohibitively long and transcription would not proceed at the
required rates for adequate protein expression. It has been suggested that if a
diffusion-controlled promoter search were to occur in a space of reduced
dimensionality, then the efficiency could be increased by orders of magnitude

[206].

(a) Sliding

(b) Intersegment transfer

(c) Hopping

Figure 1-9. Schematic diagram of the different methods of promoter location. The DNA is
shown as a blue line, the RNAP as a green sphere, and the promoter region as a red
rectangle. The RNAPs progress is indicated by dashed circles. (a) In sliding, the RNAP
diffuses one-dimensionally along the DNA contour. (b) In intersegment transfer the RNAP
is able to reach a distant site on the DNA via the formation of an intermediate complex.
(c) During hopping the RNAP loses contact with the DNA, before re-attaching further

along the chain.
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A number of mechanisms have been suggested to explain the increased binding
rates associated with promoter regions (Figure 1-9). If the RNAP were to have
an affinity for non-promoter DNA, then the likelihood of non-specific binding to
the DNA would be high. The polymerase could then undergo one-dimensional
diffusion along the chain, until it reached the target sequence at the promoter
[20]. This method is known as sliding (Figure 1-9a). Another mechanism, known
as intersegment transfer (Figure 1-9b), involves the transfer of the polymerase
from one position on the template to a more distant segment by means of an
intermediate state where the DNA is looped, such that the protein is associated
both to the initial and distant regions at the same time [206]. Multiple transfer
events occur until the promoter region is reached. A final process, called
hopping (Figure 1-9c) has also been put forward, in which the polymerase
bounces along the template DNA until it finds the target site [206]. All three of
these mechanisms serve to reduce the dimensionality of the promoter search

process.

Once the RNAP, either alone, or in conjunction with a o-factor, becomes bound
to its promoter region, the complex undergoes a conformational change. The
RNAP acts to orientate itself so as to trap the DNA into its “claw”. During this
process the system moves from what is termed a closed promoter complex
(CPC), to an open promoter complex (OPC), with the nomenclature denoting the
state of the “transcription bubble”. The resulting complex is relatively stable.
The initial binding is to double-stranded or closed DNA but the reorientation of
the RNAP is accompanied simultaneously with the unwinding of a 10-15 bp
segment of DNA, to form the single-stranded “transcription bubble” or open
complex [56]. The specific binding of the RNAP at the promoter site alone is not
always enough for the formation of open complexes. Other DNA-binding
proteins (o-factors) help to enhance the reaction. A major o-factor in E. coli is
079, which can act solely to unwind the template without the need for any

additional protein factors [54].
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@) (b) (©)

Figure 1-10. Scrunching model of abortive initiation. (a) NTPs are added end-to-end on to
form an RNA chain using single-stranded DNA contained within the transcription bubble
as a template. (b) The RNAP acts to pull in downstream DNA to its core, such that it
becomes scrunched after successive nucleotide additions to the RNA chain. (c) The
abortion of the transcripts leads to the expulsion of the nascent RNA chain and the

release of scrunched DNA.

Next the complex undergoes a process known as abortive initiation, whereby
competition exists between short RNA oligo release and continuous NTP
incorporation ultimately leading to a completed messenger RNA chain [31].
The o-factor remains bound to impart stability to the RNAP and prevent
disengagement from the template. Upon addition of NTPs, the RNAP catalyses
the polymerisation reaction that forms an RNA transcript from the single-
stranded DNA template within the transcription bubble. The necessity of the
RNAP to produce many short transcripts coupled with the ability to quickly
reinitiate when one synthesis has been aborted, stipulates that the active site of
the enzyme must move stepwise along the DNA template whilst simultaneously
remaining in close contact with the promoter region. This is a paradoxical
problem in which a number of models have been proposed to come to a
solution, including transient excursions [32] and “inchworming” [193]. Abortive
initiation arises from an inability of an RNAP to break free of its stable contacts
with the promoter. Straney and Crothers suggested that the energy required to
break free might be stored in a “stressed intermediate”, and that abortive

initiation was a direct consequence of this energy being used inefficiently [193].

The most likely solution is known as the scrunching model (Figure 1-10).
Scrunching as a model for abortive initiation has been demonstrated through
experiments utilising the single-molecule technique fluorescence resonance
energy transfer (FRET) to study the separation of the RNAP core and

downstream regions on DNA [100], and magnetic tweezers to detect the double
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helix unwinding [161]. In the scrunching model, the RNAP functions as a rigid
body, increasing its effective footprint by pulling DNA downstream of the
promoter into its core such that it becomes “scrunched” after successive
nucleotide additions. The abortion of nascent RNA transcripts leads to the
downstream expulsion of the scrunched DNA, before it is reeled back in
subsequent cycles. The scrunching model suggests that the energy cost of
breaking base-pairs to form abortive transcripts can be transferred into a
stressed intermediate, and that this free energy is high compared to the free
energy of the RNAP-promoter interaction. It is proposed that this energy
disrupts the interactions of the RNAP with the promoter, and drives the

reaction towards the elongation stage [161].

Once the DNA transcript reaches ~12 nucleotides, the RNA-DNA complex
becomes stable and the RNAP loses contact with its o-factor, escaping the
promoter. This point marks the end of the initiation stage and the beginning of

chain elongation [92].

1.2.4 Elongation

During the elongation stage the RNAP proceeds along the DNA template,
synthesising a chain of RNA in a processive manner as it travels down the
strand. An elongating complex is an extremely stable structure, consisting of
RNAP, DNA and a nascent chain of RNA, that can grow to be thousands of
nucleotides in length. The RNA chain is constructed by a polymerisation
reaction in which nucleotide triphosphate (NTP) monomers are hydrolysed,
and added to the 3’ end of the RNA chain. The hydrolysis of NTPs provides the
energy to drive the reaction, and when a nucleotide is incorporated into the
growing chain pyrophosphate PP; is released. The RNA chain is a direct copy of
the coding DNA strand, with the notable exception that the base thymine
present in DNA is replaced by uracil (U) in RNA.

The elongation stage is highly complex, and consists of a series of "on pathway"
events leading to successful incorporation of the correct NTP and translocation

along the chain in the 5’—3’ direction, and other "off-pathway" states, which are
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a hindrance to transcriptional elongation, such as pausing [88]. Each cycle of
NTP incorporation consists of several steps, including movement of the RNAP
from one base to the next, NTP binding, and hydrolysis. Translocation of the
RNAP along the chain must be directly coupled to the nucleotide incorporation
condensation reaction, and the catalytic abilities of the enzyme. Different
models have been put forward to explain transcription elongation. It has been
suggested that the release of PP; can promote the RNAP to undergo a
confomational change, which induces forward translocation of the enzyme by a
single base pair, and thus for each nucleotide addition there is a single
movement event of the RNAP along the chain [215]. As such, this powerstroke
mechanism states that forward translocation is directly linked to substrate

hydrolysis.

There is other evidence that RNAP can slide back and forth along a DNA chain
via Brownian motion, prior to nucleotide addition. Uni-directional motion is
possible because the RNAP functions as a Brownian ratchet [80]. This model
incorporates the concepts of a ratchet and pawl, in which certain movements of
a cogged wheel (ratchet) are restricted by a wedge (pawl), such that any motion
is uni-directional. A pawl can either be stationary, with the wedge inserted in
the teeth of the cog preventing reverse motion, or reciprocal, allowing uni-
directional motion of the wheel. The Brownian ratchet mechanism for
transcription elongation proposed by Bar-Nahum et al. considers the elongating
complex as consisting of two ratchets (one stationary and one reciprocating
situated within the same catalytic site), and that no energy other than thermal

fluctuations are responsible for translocation [13].

The stationary pawl represents the incoming complementary substrate. The
addition of each complementary NTP prevents the 3' terminus of the nascent
RNA chain from occupying this site, suppressing back-tracking. From this point,
the elongating complex catalyses the phosphodiester bond formation, extending
its transcript by one nucleotide. Structural data of the elongating complex
provides evidence for a flexible unit existing within the interior of the enzyme.
The so called F bridge helix was observed to be bent in the crystallographic
structure of bacterial RNAP [219] and straightened in that of yeast RNAP II [46].
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Gnatt et al subsequently proposed that bending of the F bridge induces
translocation of the RNAP by one nucleotide [78]. In the Brownian ratchet
model, the oscillating F bridge domain represents a reciprocating pawl. Upon
bending, the F bridge acts to eject the 3' end of the RNA chain from the catalytic
center. Subsequent straightening of the F bridge allows the next corresponding
substrate to enter the now empty site. In short, the incoming substrate acts to
restrict backward tracking of the RNAP, whilst the oscillating F bridge allows
the RNAP to achieve uni-directional motion along the chain and initiates the
next cycle of nucleotide addition. Hence, RNAP motion is controlled by the
thermal oscillation frequency of the F-bridge. After binding of the correct NTP

the centre of the Brownian oscillation is moved 1 nt downstream.

At each step of elongation there is competition between addition of the correct
nucleotide, and other "off-pathway" events not conducive to RNA chain
formation. These include pausing (a transient conformation incapable of
elongation) and arrest (a conformational state incapable of nucleotide addition
without the factor-assisted isomerisation back to an active complex). The
enzyme RNAP moves along a varying DNA sequence, and one consequence of
this changing substrate is that transcription does not proceed at a constant rate,
but rather becomes sequence dependent [12]. RNAP actively engaging in
transcription elongation tends to dwell at certain regions, known as pause sites.
It is believed that in vivo these pause sites function to regulate gene expression,
by allowing transcription factors to bind to stationary RNAP and modify its
activity [120]. However, other pause sites are observed to have no biological
function. Pausing represents an alternate branch in the reaction pathway, and it
has been suggested that the phenomena arises from misalignment of the RNA 3’
end with the enzyme active site [109, 110]. Pausing is frequently observed in
experiments under conditions of low NTP concentration, where the slow rate of
the on-pathway reaction may drive the reaction into the branched pathway

[207].

Experiments with single molecule optical tweezer techniques demonstrated
numerous short pauses (< 10s) that were weakly sequence dependent [3, 145].

These short or ubiquitous pauses occurred roughly every 100 bps on regions
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devoid of the much stronger regulatory pauses. It has been suggested that long
pauses may be preceded by numerous short pauses occurring in close

proximity, that eventually lead to the stabilisation of the paused state [9].

RNAP must have efficient proof-reading capabilities to ensure accurate
expression of a particular gene. The model for proof-reading by RNAP suggests
that incorporation of the incorrect nucleotide causes the molecule to back-track
along the chain [110]. This event is followed by endonucleolytic cleavage of the
3" end of the RNA chain carrying the error. This duty is performed by the

transcription factors GreA and GreB in prokaryotes [195].

1.2.5 Termination

During termination transcription is halted, the RNAP dissociates from the DNA
template, and the RNA transcript is released. This can be caused by the RNAP
encountering a particular DNA sequence, known as a terminator. Bacteria
possess two types of termination strategies, termed rho-dependent and rho-

independent (also called intrinsic termination) [210].

(a) Inverted repeats
DNA

I AsccTCT N AcaccTT NN
I TTcGAGA I TCTCGAA [LYY.YYY)

(b)

—_— — m
I TTCGAGA N TCTCGAA \
AAAAAAA
RNA \

The weak U-A

12129VVv
YOVODLL

Transcription — hydrogenbonds
of the inverted break releasing the
repeatleads to RNA chain.

the formation
ofan RNA
stem loop.

Figure 1-11. Method of rho-independent termination. (a) This arises due to the presence
of inverted sequence repeats, followed by a string of A bases. (b) Transcription of this
sequence leads to a formation of an RNA stem loop, and weak U-A bonds within the
catalytic center of the enzyme. The complex is destabilised and loses contact with the

template strand, relasing the chain of RNA in the process.
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During rho-independent termination, transcribing RNAP encounters a sequence
(terminator) that is then followed shortly after by an inverted repeat of the
same sequence (see Figure 1-11). The repeat patch is then followed by a short
string of adenine nucleotides. Transcription of the inverted repeat leads to the
formation of an RNA stem loop and the pausing of the transcription complex.
The string of adenines are transcribed into uracil monomers in the RNA,
meaning that there is a region of weak hydrogen bonding in the RNAP catalytic
center. The formation of the hairpin structure has a destabilising effect on the
elongation complex, and the RNA chain is easily released from the DNA

template, thus terminating transcription [214].

Termination can also be controlled by protein factors [162]. Rho-dependent
termination is so named as it is dependent on a small factor called rho [62]. Rho
acts to unwind the DNA-RNA hybrids formed during transcription, thus
facilitating the release of the RNA transcript.

Following termination, and whilst still in the nucleus, the RNA undergoes post-
transcriptional processing including capping, poly-adenylation and splicing,
before it is recognised by nuclear membrane receptors and transported to the
cytoplasm. Here translation of the RNA transcript is performed, which

ultimately leads to the construction of protein.

1.3 Nested genes and convergent transcription

The arrangement of genes in DNA is complex. One stretch of DNA consists of
non-coding regions (introns) that are removed and not translated into proteins,
and coding regions (exons) present in the mature form of mRNA. The
organisation of genes follows a complex spatial arrangement, and a particular
stretch of DNA can encode more than one product. For example, genes can
overlap on opposite strands. One extreme example of overlapping genes is that

of nested genes (Figure 1-12).
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Figure 1-12. A nested gene is entirely located within the boundaries of another host
gene. (a) Example of an intronic located nested gene (shown in purple). The host gene is
shown as yellow arrow. (b) A less common case is the nested gene located within an

actual coding region of host DNA.

The nested gene refers to a gene that is located within the boundaries of
another gene, often within an intron and in the opposite orientation. Nested
genes were first discovered in Drosophila flies, when it was shown that the gene
Pcp encoding pupal cuticle protein was found situated within an intron of
adenosine 3 (ade3), lying on the opposite DNA strand [87]. Ade3 acts as a
housekeeping gene and is involved in basic functions needed for the sustenance
of the cell while the cuticle protein gene is associated with the development of
tissue. Since then, other nested genes have been discovered, including a number

in the human genome [218].

There are two main classes of nested genes: (i) Genes nested within the introns
of larger genes (Figure 1-12a); (ii) Genes which lie directly opposite or within
the coding region of the host gene (Figure 1-12b). The first class of nested gene
is much more common. Yu et al. identified 158 genes nested within introns
predicted to encode protein. Over half of the human nested genes were
observed on the strand opposite the host gene, in an antiparallel arrangement.
The remaining genes were situated on the same strand in the same direction to

the host gene. Human nested genes are typically situated on large introns [218].

It has been shown by Asis et al. that the majority of nested genes arise from the
insertion of a DNA coding sequence into a pre-existing intron [10]. Further
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analysis of nested protein coding genes in vertebrates, fruit flies and nematodes
revealed substantially higher rates of evolutionary gains than losses. The
increase in nested genes could not be attributed to any functional relationship
between the genes involved, and thus it was concluded that the evolution of
animal genomes is accompanied by an increase in organisational complexity

[10].

There may be a number of explanations for the existence of nested genes.
Gibson et al. have reviewed the biological implications of nested genes [75].
They suggested that natural selection may favour the presence of nested genes
which encode proteins of similar function, in order to enhance a biological
response. While nested genes with similar function have been reported, work
by Yu et al. suggests that this is the exception rather than the norm [218]. In
their study of the human genome using Gene Ontology annotations, only five

anti-parallel and one parallel nested gene exhibited similar functions.

The presence of nested genes in introns raises the question that they may be co-
regulated and transcribed simultaneously. For example, the nested genes
originally discovered in Drosophila are both induced during development. It is
also possible that oppositely aligned nested genes may be down-regulated. A
RNA polymerase moving along a host gene may experience steric hindrance

from other RNAPs or transcription factors associated with the nested gene.

The functional benefits of nested genes are still unclear. In prokaryotes a
compact genome is advantageous, allowing replication to be carried out at a
faster rate. It is possible that nested gene expression could be co-ordinated with
their host genes, both positively and negatively. The nested gene provides a
mechanism for the co-ordinated expression of proteins with similar functions,
which could act to enhance a biological response [75]. However, many nested
genes exhibit entirely different functions and gene expression patterns from
their hosts. Kumar suggested that the acquisition of nested genes is an
evolutionary neutral process aided by the presence of numerous introns that

provide a pathway for gene insertion [111].
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Simultaneous expression of both nested and host genes containing two
oppositely aligned promoter sites would require a process of convergent
transcription [135]. This involves separate polymerases binding to two
different promoter sites, and then beginning to transcribe their respective
genes. If the two promoter sites are aligned on opposite DNA strands, the
transcribing enzymes will move ever closer to each other, until they become so
close that they will begin to affect each other, a situation of transcriptional
interference (TI). This is a consequence of the two strands in DNA being anti-
parallel. If the nested gene was on the same DNA strand as the host then the
simulataneous expression of both both genes would lead to both RNAPs
transcribing in the same direction. In which case, a collision will only occur if

the front RNAP pauses or stalls, before the other RNAP runs into the back of it.
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Figure 1-13. Methods of transcriptional interference (TI). See below for further

explanation.
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Transcriptional interference (TI) refers to the direct negative impact of one
transcriptional activity by a second activity. TI is often asymmetric and results
from the existence of two promoters (the strong reducing the weak), and has
been demonstrated in both eukaryotes and prokaryotes. Shearvin et al. outlined
a number of potential mechanisms of TI [183], three implemented at the

initiation phase and two at the elongation phase (see Figure 1-13 also):

(a) Promoter competition: TI arises from the occupation of the promoter
region by one RNAP preventing the occupation of a second promoter by

another RNAP. This is valid for over-lapping or closely spaced promoters.

(b) Sitting duck: A sitting duck (SD) is defined as an RNAP that is situated at a
weak promoter that is slow to transit to an elongation complex. A sitting
duck is prone to being hit and dislodged by the arrival of an elongation

complex "fired" from a second promoter.

(c) Occlusion: TI from occlusion arises as a result of the inability of one RNAP
to bind to the chain due to a second actively elongating complex (EC)

traversing across it's promoter region.

(d) Collisions: Collision between converging elongation complexes could lead
to the halting of transcription elongation for one or more of the

complexes.

(e) Roadblock: An open complex bound at one promoter could act as a

roadblock to an elongation complex originating from a second promoter.

Callen et al. used a LacZ reporter assay to study methods of transcription
interference between promoters of unequal strength [30]. They observed that
the activity of the weaker promoter was very sensitive to TI. Mechanisms
involving RNA-RNA hybridisation and promoter competition were excluded.
However, the addition of a terminator sequence, such that transcription from
the strong promoter was halted before the weak promoter was reached, led to a
reduction in interference. This indicated a TI requirement of elongation across
the promoter. Due to the speed of elongation, effects due to promoter occlusion

were negated, and as a result a “sitting duck” model of TI was proposed.
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Sneppen et al. developed a mathematical model of convergent TI incorporating
occlusion, collisions between elongating RNAPs, and SD collisions. The models
in the prediction agreed well with the in vivo results of Callen et al. [30]. It was
assumed that both RNAPs disengaged during collisions between ECs, whilst
only the SD was knocked off in SD collisions. In their study, SD collisions were
observed to be the strongest mechanism of TI. This was dependent on two
conditions, (i) One promoter was stronger than the other, meaning it fired
preferentially and (ii) the aspect ratio (relative rates of RNAP binding and
firing) of the sensitive promoter was sufficiently large enough, such that there is
a high likelihood of an RNAP being situated at the promoter when the other
aggressive promoter fires. Collisions between elongating RNAPs persist if the
promoters are of equal strength and aspect ratio, whilst also increasing in
occurrence as the distance between promoters increases. Occlusion was only
observed if the interfering promoter was very strong, and the separation was

small.

Gibson et al. suggested that an RNAP transcribing a host gene would experience
steric hindrance from either RNAPs or regulatory proteins, relating to a nested

gene, in which a number of outcomes could be considered [75]:

(1) After the approach and “collision” event, one RNAP disengages. The
successful by-passing of one RNAP could lead to expression on one
gene.

(ii) Both RNAPs approach and stop, before finally disengaging.

(iii) The RNAPs are able to by-pass each other, perhaps leading to

expression of two fully formed genes.
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Figure 1-14. Different stages involved with convergent transcription. (a) Convergent

transcription begins with two promoters, situated on opposite strands, recruiting RNAPs.
(b) After firing, the two RNAPs enter the elongation stage and begin to approach each
other. (c) Eventually there will be a head-on collision. Collision outcomes suggested by
Gibson et al.: (i) One RNAP is knocked off the template, leading to the possibility of
expression of one gene only. (ii) The RNAPs stall against each other, disengaging after a
period of time. (iii) The RNAPs are able to bypass each other, perhaps allowing both

genes to be expressed unhindered.

These outcomes are summarised in Figure 1-14. Gibson et al. also put forward
an approach, during which AFM could be used to characterise interactions
between DNA and RNAP during convergent transcription [75]. They proposed
using nested gene models consisting of two promoters in opposite orientation
with a cDNA cloned between them. The ability to observe events occurring at a
single genetic locus by AFM was suggested as an improvement over studies
utilising biochemical techniques such as the reverse transcription polymerase
chain reaction (RT-PCR). The central aim of this thesis is to use AFM techniques
to study mechanisms of transcription interference, as would arise from
convergent transcription of nested genes. Complex processes such as these
benefit from the use of single-molecule techniques, where distinct members of

an inhomogeneous population can be observed.
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2 Introduction to AFM of single molecule DNA systems

2.1 Overview of AFM

Atomic force microscopy (AFM) is an extremely versatile technique that is
particularly suitable for studying biological material. Since the instrument’s
inception perhaps the most widely studied biological sample has been DNA.
AFM is one of few techniques that allows direct visualisation of the molecule,
and has the added advantage that sample preparation is relatively quick and
simple. DNA can be imaged directly on its own, without the need for complex
preparation methods which can alter the molecules biological function. It is
possible to use transmission electron microscopy to visualise DNA but the
molecule must typically be labelled with heavy atoms to achieve sufficient
resolution [159], The instrument’s versatility can be highlighted by the wide
range of studies with regard to DNA that the technique has permitted. For
example DNA structure, condensation, and its interactions with a number of
different proteins have all been studied extensively [5, 12, 14, 103, 196]. This
thesis focuses on a particular area of study, namely the study of DNA
transcription by AFM. DNA transcription, the process by which RNA polymerase
travels along a DNA chain unwinding the helix, and synthesising an RNA chain
using single stranded DNA as a template, is a vitally important step in gene
expression before translation into proteins. Transcription is not a simple one-
step process but is composed of a number of distinct sub-stages, and it is a
testament to the instrument that many of the steps in the transcription pathway
can be studied by AFM. Being a single-molecule technique, AFM allows new
insights into transcription to be gathered, results that would not be possible

with some of the more traditional biochemical techniques.
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2.1.1 Introduction to scanning probe microscopy

The AFM belongs to a family of instruments known as scanning probe
microscopes (SPMs). These devices all consist of a probe specifically designed
to measure a particular physical quantity. Images are obtained by mechanically
moving the probe with respect to the sample surface. Probe-surface
interactions are recorded at distinct points, allowing a picture of the surface to
be constructed. The first instrument of this type was the scanning tunnelling
microscope (STM), developed in the early 1980s [22]. The principle of this
technique is the detection of tunnelling currents between a sharp tip (probe)
and the sample surface. The tunnelling current is exponentially dependent on
the tip-surface separation making the device very sensitive to topographical
features. STM has been used to image DNA placed on a conducting highly
oriented pyrolytic graphite (HOPG) surface [58], allowing atomic-scale
information to be gathered. However it has been suggested that the use of
graphite as a substrate gives rise to structures that are periodic, and that could
be misidentified as the pitch of DNA [41]. The principle drawback of this
technique is the necessity that the sample under investigation be electrically
conductive. This limitation led to the developments which gave rise to the
invention of AFM by Gerd Binnig, Calvin Quate and Christoph Gerber in 1986
[21]. AFM works by measuring the deflection of a cantilever with response to
surface features, events arising from ubiquitous inter-molecular forces, and
hence any sample surface can be examined. Molecular and even sub-molecular
imaging [172] have been shown to be possible. The main advantages over other
techniques are the ability to investigate biological samples in their native states,
without the need for complex sample preparations (e.g. fluorescent staining)
that may damage or hinder the samples’ biological activity. It is possible to
perform imaging in both air and liquid [86, 157], with the latter allowing
measurements to be taken in an environment similar to physiological

conditions.
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2.1.2 AFM Instrumentation

Central to AFM is the measuring probe, which consists of a cantilever with an
integrated tip at its end that interacts with the sample surface. These
cantilevers are micro-fabricated and vary in design depending on the substrate
and imaging mode used. Common models are the “diving-board” shapes used
for tapping mode and the triangular ones used for contact mode AFM. They are
usually constructed out of silicon and silicon nitride, and the tips have a radius
of curvature of the order of nanometres. Typical spring constants range from
0.01 to 100 Nm'1, enabling a force resolution of the order of piconewtons to be
obtained [5].

AFM works by observing small deflections of the cantilever caused by small
surface forces (see Figure 2-1 for schematic diagram depicting the typical AFM
setup), and as such it is important to have a detection method that is able to
resolve the small changes to the probe. The first AFMs worked on detecting the
tunneling current between an additional tip on the back side of the lever and
the main body [21]. The exponential distance dependence of the tunneling
current allows for high sensitivity to be obtained, however the tunneling tip can
exert extraneous forces on the cantilever which can distort the actual force
measurements. Optical interferometry has also been used to measure the
cantilever deflection [127, 128]. This method involves a laser being reflected off
the cantilever and interfering with part of the beam reflected from a flat
reference. The cantilever deflection has also been measured through changes in

capacitance [144] and by using strain gauges based on piezoresistivity [201].
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Figure 2-1 Typical set-up of an AFM. Laser light is reflected off the back of the tip onto the
photodiode. The deflection of the cantilever is measured as it tracks the surface, allowing
an image of the sample topography to be obtained. The tip-sample separation is

controlled by feedback electronics.

However, these detection techniques have largely been superseded by the
optical lever method [133]. The movements of the tip are measured using a
quadrant photodiode. In the first instance, a laser is focused on the cantilever
and the reflected beam hits the photodiode in its centre. Any deflection of the
cantilever causes an imbalance in the amount of laser light hitting each
quadrant in the photodiode and will thus provide a measurement of the

magnitude of the force.

As the intermolecular forces that cause the cantilever deflection, and ultimately
give rise to imaging contrast, are very short ranged, the cantilever must be
positioned vertically in very close proximity to the sample surface. In addition
to this, very precise movements in the X and Y directions are necessary during
scanning.  Most AFM systems achieve such accuracy by using tube
piezoceramics, which allow the positioning of the probe with high resolution.
They utilise the piezoelectric effect, whereby materials expand or contract
when a voltage is applied to them. Four electrodes cover the outer surface of the
tube, while a single electrode occupies the inner surface. Applying a voltage to
one of the four outer quadrants causes the quadrant to expand and the scanner
to tilt away from it (XY movement). Applying a voltage to the inner electrode

causes the entire tube to expand or contract (Z movement). The cantilever is
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moved with respect to the surface in a raster pattern, measuring the tip-sample
interaction as it goes, and building up an image of surface topography line by

line.

2.1.3 AFM Forces

The force the tip experiences varies due to surface changes as the scanning of
the sample is performed. It is these changes in force that are transformed into
an image of surface topography. The forces manifest themselves as the
deflection of the cantilever, the extent of which is dependent on a number of
different interatomic forces. The relationship between deflection and force can

be summarised by Hooke's law:
F =—kx 2-1

where F is the force, k is the spring constant, and x is the deflection. The origin
of the force arises from the interaction of the tip with the surface, and can be

modeled by the “Lenard-Jones” or 6-12 potential:

12 6 2-2
oo {2
r r

This relationship models the interaction between two atoms or molecules, in
this case one at the tip apex, and one at the sample surface. As their separation
(r) changes, so does the potential energy U(r) between them. The relationship
consists of both attractive and repulsive components (see Figure 2-2 for

graphical representation).
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Figure 2-2. A graph of potential (U(r)) versus distance for the 6-12 Lennard-Jones
potential. The potential is dominated by both attractive and repulsive components

depending on the separation (r). ¢ is the hard sphere radius and describes a distance of
closest approach.

The 1/r12 term accounts for the steep increase in potential at small separations,
when the molecules strongly repel each other due to the Pauli exclusion
principle. This states that two fermions, such as electrons cannot have the same
quantum numbers. Two approaching particles will begin to experience a
repulsive force as their separation is decreased. Eventually a point known as the
hard sphere limit is reached, which describes a distance of closest approach.
Any further approach would lead to the overlapping of electron orbitals, and the

sharing of a quantum state, and so this repulsive force acts to separate the

electron clouds. This force is very strong but short-ranged.

The 1/r® term accounts for the more gradual decrease (attractions) at larger
separations, and is down to attractive van der Waals forces. The geometry of the

AFM tip on a surface resembles a small sphere above a plane [158]. Assuming

this geometry, the attractive van der Waals force is given by,
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where R is the tip radius, H is the Hamaker constant and d is the tip-surface
separation. This force arises from the polarisation of the electron cloud
surrounding the atomic nucleus. Fluctuations in instantaneous dipoles can
become correlated so as to provide an attraction between two neighbouring

bodies. These forces are relatively weak but long-ranged.

Figure 2-3. Capillary neck formation between a sphere (tip) and surface in the presence
of a bulk water layer. R is the radius of the sphere, r; and r; are the principle radii of the

curved surface, and 6 is the liquid-vapour contact angle.

Adhesion is the force needed to separate the tip from the sample. When imaging
in ambient conditions the adhesive interaction is often dominated by attractive
capillary forces [23, 188]. In air it is possible for water to condense onto the
surface and even form a bulk layer. A point contact with a small radius of
curvature (such as an AFM tip), and resting on a surface, provides an ideal
nucleation site for water present in the air. When the tip dips into this water
layer a capillary neck forms, which provides an additional adhesive force in the
range of nN [42]. The origin of this force is the formation of a meniscus between
the AFM tip and the sample, caused by the condensation of water vapour onto a
hydrophilic surface. Capillary condensation is driven by a pressure difference

across the interface of a curved surface (see Figure 2-3 for a geometric
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interpretation and definition of symbols). This pressure can be given by the

Young-Laplace equation,

p=yl —+— 2-4
rl r2

where y is the surface tension and r; and rz are the principle radii of the curved
surface. The Laplace pressure acts on an area between the two surfaces, pulling
them into contact. The capillary force works to increase the tip’s adhesion to the

surface, and this attractive contribution can be calculated as,

1 1 2-5

F=—pnx’= ){— + —jﬂxz
rl rZ

The capillary force can be eliminated by operating the instrument in liquid. If

the tip is modelled as a sphere of radius R and the sample is assumed to be a flat

plane, the capillary force is commonly approximated to be equal to [97]:

F =—4mRy cosf 2-6

Pakarinen et al. estimated that the lower limit on sphere radius, where the
above approximation was still valid, as being 1 pm [149]. Typical AFM tips have
a radius of curvature of 10 nm, and show considerable deviation from the
standard approximation. A number of attempts have been made at improving
the description of the capillary force at the nanoscale [126, 149, 192]. These
studies have centered on quantifying the influence of various parameters, such
as tip geometry, tip-sample separation, contact angle, and surface tension, with

the aim of obtaining a numerical solution for the capillary force.

2.1.4 Imaging Modes

The original method of AFM operation is known as contact mode; in which the
tip remains in close-contact with the sample during its scan. There are different
ways of obtaining image contrast. In constant-force mode (Figure 2-4a), the

deflection of the tip is kept constant by use of feedback electronics that can alter
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the tip height position, to keep the overall tip-sample distance constant. The
deflection of the cantilever remains constant and the vertical position of the tip
produces a good representation of the surface topography. When the AFM is
operated in constant-height mode the feedback is turned off (Figure 2-4b), and
the tip moves in a constant horizontal plane throughout. The deflection is used
to monitor the sample surface and this method of operation allows for greater

vertical sensitivity [103].

{a) Constant-force contact-mode

Figure 2-4 . Main modes of AFM operation. (a) In constant-force mode the tip deflection is
kept constant and the tip is made to track the sample surface. (b) During constant-height
mode the tip moves in a constant vertical plane. Both forms of contact mode exert large
shear forces on the sample surface. (c) In tapping-mode, the tip oscillates at a constant
amplitude above the surface. The shearing forces are greatly reduced, allowing soft

samples to be imaged.

Early AFM studies of DNA utilised contact mode [85, 118], however it took some
time before routine imaging of the molecule could be performed in ambient
conditions [28]. Problems were caused by the type of cantilever available at the
time and the substrates used, but mainly from the mode of imaging. The
tracking of the tip across the surface in contact mode leads to the exertion of
large shear forces, which can displace weakly bound particles or damage soft

samples such as DNA. This problem is made worse by performing imaging in
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air, where the capillary neck provides a large contribution to the shearing force.
This can be reduced by using sharper tips to minimise the dimensions of air-
liquid phase [28]. It had been shown that it is possible to image DNA repeatedly
using contact-mode, as long as the humidity is kept below a critical value [199],
such that sucking of the AFM tip down onto the surface by capillary action is
avoided. Reliable imaging of DNA was found not to be possible at a humidity
above 40 % RH [199, 205], which corresponds with the humidity where water

condenses to form bulk monolayer films on the surface [93].

A huge advance came with the development of AFMs that operated with
intermittent-contact between the tip and sample, otherwise known as tapping-
mode AFM [220] (Figure 2-4c). In this mode, the cantilever is made to oscillate
near its resonant frequency, striking the surface at the end of each oscillation.
The energy associated with the oscillation must be such that adhesion of the
surface is able to be overcome. For this reason, relatively stiff cantilevers,
having a relatively high spring constant and a high quality factor Q are used to
ensure that sufficient energy is stored in the cantilever to overcome adhesion.
Intermittent contact with the surface at the end of each oscillation leads to the
dissipation of energy from the system and a decrease in oscillation amplitude.
The amplitude can be used as a set-point parameter, so that feedback
electronics can act to adjust the tip height so as to maintain the set-point
amplitude at its pre-set value. The amount the amplitude must be modulated to
be kept constant can be used gather topographic information of the surface,
thus tapping mode AFM is known more generally as amplitude modulation AFM

(AM AFM).

The contact force the tip exerts at the end of each cycle is considerably smaller
than in contact mode [220]. Since the tip is no longer being dragged across the
surface, shear forces are almost completely eliminated. The small interaction
forces exerted mean that tip-induced sample deformation is minimised and soft
samples can be imaged repeatedly. The use of tapping mode for DNA imaging

has almost entirely replaced contact mode.
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AM AFM is an example of a dynamic atomic force microscopy method; because
dynamic properties, in this case amplitude, of a vibrating tip interacting with a
surface is used to obtain a view of the sample surface [73]. Another dynamic
method of operation is frequency modulation AFM (FM AFM), and is usually
used under ultra high vacuum (UHV) conditions with the aim of obtaining
atomic resolution on solid state systems [4, 76]. The technique has also been
adapted for use in a liquid environment [72]. Frequency modulation works by
detecting small changes in the cantilever resonance frequency, arising from tip-

sample interactions, and using them as a feedback parameter.

AM is typically preferred in air, as FM requires two feedback loops which makes
its electronics complex and slow for operation in ambient conditions [73]. AM
AFM utilises relatively stiff cantilevers (10 to 50 N/m) in air to enable the tip to
“punch through” any water layer on the surface without irreversibly sticking
due to capillary neck adhesion. Almost all biomolecular imaging in air has been
performed under ambient conditions of laboratory humidity, usually between
30 and 40 % relative humidity (RH). Following the introduction of intermittent

contact modes AFM imaging of DNA in contact mode was largely abandoned.

(a) Topography image (b) Phase image

stiff-
region

stiff. small
phase lag

soft-region soft: large phase lag

Figure 2-5. Demonstration of AFM phase imaging. (a) Example of the imaging of two
distinct areas of different material properties. If the areas are of a similar height, then
they become indistinguishable in a topography image. (b) Representative phase image.
The different mechanical properties of the distinct regions lead to phase differences
between the vibrating cantilever and the driving piezo motor. This will show up clearly

as different contrasts in a phase image.
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An interesting dynamic technique is to measure the phase difference between
the driving signal of the cantilever piezo and the resulting motion of the tip, as
measured by the detection system [178]. The phase lag is closely related to
surface properties, allowing investigation of material properties such as friction
and adhesion to be undertaken (see Figure 2-5). For example, hard surfaces
tend to lead to a low phase shift, whereas soft areas tend to damp the tip
oscillation, causing a greater lag in phase. The phase signal can be recorded
simultaneously with the topographic image, allowing features on either image
to be correlated with each other. Phase imaging of DNA can allow for faster scan
rates, lower forces and improved resolution of mobile DNA molecules, in
addition to the visualisation of features previously hidden in conventional

height imaging [8, 105].
2.2 Imaging DNA with AFM

2.2.1 Imaging substrates and practicalities

By its very nature, AFM is a surface scanning technique and as such, any
molecule that is to be investigated must be deposited on to a suitable substrate
prior to imaging. There are therefore inevitably a number of criteria that the
support must satisfy for it to be usable. The substrate in question must have a
low surface roughness, such that molecules of interest can easily be
distinguished from any spurious features of the support surface. It is crucial
that there is a strong enough interaction between the surface and molecule, so
that the sample will move from being in solution to being adsorbed onto the
substrate. Strong binding to the substrate surface is also required so that the
sample will resist the motion of the moving tip, without being damaged or

detached from the surface.

Mica has been found to be a reliable substrate for imaging of DNA, and is now
the most commonly used support surface [205]. Most biomolecules such as DNA
are hydrophilic in nature and thus a hydrophilic material such as mica provides
an ideal support. Mica is the collective name for a number of different silicate

based minerals. Muscovite mica is used for AFM studies and has the structure
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KAIl2(AlSi3010)(OH)2. The main characteristic of mica materials is the perfect
cleavage of the basal layers. This is ideal for AFM studies where the upper layer
can be removed by adhesive tape to provide a clean surface, free from

impurities each time an experiment is to be performed.

The use of mica does however pose a problem to effective DNA binding as a
direct consequence of its layered structure. The mica layers are 1 nm thick and
are bonded together ionically with potassium ions (K(I)). When freshly cleaved
mica is immersed in solution the potassium ions dissociate from the lattice sites
into solution, forming a counter-ion cloud above the surface [151]. This leaves
the mica surface with a net negative charge, meaning that DNA, which also has a
negative charge as a result of its phosphate backbone, will no longer experience
an attraction to the surface, leading to an unacceptably low number of surface-

bound DNA.

However, this problem can be negated by pre-treating the mica surface with a
solution containing cations, or under liquid by introducing positively charged
species into the aqueous medium [84, 197, 205]. These replace the dissociated
K(I) ions, and leave the mica surface positively charged, such that DNA
molecules experience an attractive force from the surface. The cations are able
to form a diffuse atmosphere of counter-ions close to a surface, which act to
partially neutralise the negatively charged phosphate backbone of the DNA and
the mica surface. Correlations between the counter-ion clouds can lead to the
situation where a net attraction exists between the DNA and mica, promoting

the adsorption of the molecule [152, 153].

Pastre et al. modelled the DNA and mica surface as charged planes and
hypothesised that if their respective counter-ions were to adopt a staggered
configuration, they can be shared between the two surfaces [153] (Figure 2-6).
On the mica surface lateral diffusion of DNA molecules is inhibited by large
frictional forces, related to electrostatic interactions between the two surfaces.
It is possible to consider the mica surface as a lattice of charges [147], and for

DNA segments to move laterally, divalent counter-ions condensed on the DNA
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must “jump” from one staggered position to the next [154]. For this to occur a

large energy barrier must be overcome.

Figure 2-6. Schematic showing model for counter-ion correlations between DNA and
mica. The labels i and j represent charged sites on the DNA and mica respectively. If the
counter-ions adopt a staggered orientation then a situation would exist whereby there
was a net attractive interaction between DNA and mica, and the molecule would adhere

to the surface.

It has been shown that different cations allow for varying degrees of DNA
surface binding, with transition metal ions being the most effective [84]. In
particular, it appears that Ni(Il), Co(II), and Zn(II) are the best candidates
among the transition metal ions, and bind DNA tightly enough for imaging
under liquid. Mg(II) was also discovered to adhere DNA to mica sufficiently for

imaging in ambient conditions.

These three transition metal ions have ionic radii from 0.69 to 0.74 A, so are
small enough to fit into vacant binding sites above the hydroxyl groups in mica;
vacancies which were previously occupied by K(I) ions. However, the Group 2
cation Mg(II), which has a similarly small ionic radius, does not bind DNA well
enough for it to be imaged under liquid. This can be explained by considering
the enthalpies of hydration of the different species: Ni(II), Co(II), and Zn(II)
have anomalously high enthalpies of hydration in relation to their ionic radii.
The enthalpy of hydration is related to the strength of bonds that the ion makes,

and as such the transition metal ions are able to form strong complexes not only
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with ligands such as DNA but also with mica itself [84]. Additionally, Mg(II) is a
Group 2 metal with p electrons in its outer orbital, whereas Ni(Il) is a transition
metal with d electrons in the outer orbital, meaning that divalent transition
metals can form a wider range of complexes in aqueous solutions. However,
after drying it is possible to image DNA in buffers containing Mg(II) ions under

ambient conditions.

It has also been shown that it is possible for Ni(II) to bind to the major or minor
grooves of DNA [2, 189], making it very effective at balancing the surface charge
of the molecule. Pastre et al. showed that pre-treatment of the mica surface with
Ni(Il) gives a stronger DNA binding [153]. These factors act to increase the
correlation force and bring the two surfaces together. On the other hand Mg(II)
ions tend to bind via non-specific electrostatic interactions with the phosphate

groups in the DNA backbone [59], leading to weaker interactions.

2.2.2 Preparation of DNA samples for AFM

Preparing a DNA sample for AFM imaging typically follows a process containing
three main steps (see Figure 2-7): first a small amount of DNA in buffer is
deposited onto a mica disc, before being left for a period of time to bind. After
incubation the sample is rinsed with a small amount of pure water, before
finally being dried in a weak flux of argon or nitrogen gas. The deposition of
DNA onto the substrate is a two-step process; beginning with the transport of
molecules to the surface and ending with binding to the mica surface. An
important question to ask is: how does the population of DNA seen on a flat
surface by AFM compare with that of the solution? It may also be possible for

DNA to be flushed away from the surface, or displaced by impurities.
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(2)

(b) (c)
(d) (e) (f)

Figure 2-7 DNA sample preparation. (a) DNA is to be transferred from buffer onto a
cleaved mica disc. (b) A small amount of DNA is deposited onto mica, and left for a period
of time to bind. (c) After incubation the mica will contain bound DNA, but also other
impurities present in the buffer (shown as brown spots). (d) Washing with water helps to
remove partially bound DNA and impurities such as buffer salts. (e) The sample is then

dried in a weak flux of gas to remove the liquid drop. (f) The mica disc then contains

tightly bound DNA, and is ready for imaging.

Lang and Coates used electron microscopy to study the adsorption of DNA
molecules from an ammonium acetate solution onto a protein monolayer [113].
By fitting their data to a theoretical model they were able to show that if the
DNA was of a sufficiently low concentration, the transfer process was governed
solely by diffusion and the fraction of molecules bound to the surface at any

time t is given by,

ne(6)_ [4D o 7
n, s

Where ng(t) is the number of molecules on the surface at time ¢, ny is the total

number of molecules in solution at t = 0, and D is the diffusion constant.
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The deposition process was also studied using AFM by Rivetti et al, in which
small aliquots of DNA solution were transferred onto freshly cleaved mica, and
left to incubate for times of up to 30 minutes [167]. They also observed that the
surface density of molecules obeyed a t/2 power law, and concluded that the
process is solely diffusion controlled, and that molecules are irreversibly bound

to the surface.

The conformation that DNA adopts on the mica surface is a direct consequence
of the various forces present during the binding process. Rivetti et al. were able
to experimentally show that there existed two extremes of surface-bound DNA
conformations, where the molecules can said to be either surface equilibrated
or kinetically trapped [167] (see Figure 2-8). During surface equilibration the
molecules adhere but once touching the surface they are free to diffuse laterally
and take up a minimum energy conformation (Figure 2-8a). These
conformations are mediated by long-range, weak interactions, whereas short-
ranged and stronger interactions will cause the molecule to be kinetically
trapped. During kinetic-trapping, if any part of the chain touches the surface it is
irreversibly pinned at that location on the surface and the rest of the molecule
collapses onto that point (Figure 2-8b). It is no longer possible for the molecule
to move sideways and as such, the conformation describes a 2D projection of

the DNA'’s 3D structure.
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(a) Surface Equilibration
A Al
\

(b) Kinetic Trapping

Figure 2-8. Schematic diagram of the adsorption mechanisms of DNA onto mica substrate
from solution. (a) Surface equilibration is governed by long-ranged interactions (shown
by green dashed line). As the molecule approaches the surface its constituent segments
are able to adjust their positions, and the molecule takes up a flat minimum energy
conformation. (b) Short-range forces (indicated in red) are responsible for Kkinetic
trapping. The interaction is much stronger, with the molecule being pinned at one

location and its remaining segments collapsing around it.

Surface equilibration occurs when DNA, containing Mg(II) in the buffer, is
transferred onto mica, because Mg(II) is bound only weakly into the mica
cavities. As a result, the DNA retains a degree of mobility, facilitating lateral
diffusion [196]. Strong electrostatic interactions generally lead to molecules
which are kinetically trapped, and this scenario is observed when the surface is
pre-treated with a solution containing Ni(II) ions [153]. Analysis of the end-to-
end distance of the molecules can elucidate which mechanism is responsible for
binding. On average kinetically trapped molecules will have a shorter end-to-
end distance than surface equilibrated DNA. Whether a DNA chain becomes

kinetically trapped has been found to be dependent on the ionic species used to
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promote binding, and also the relative concentration, but ultimately depends on
the strength of the correlation force [152, 167]. For any given study, one
mechanism may be more desirable than the other: equilibration provides a
clearer view of a molecule, which can make examinations such as determining
whether a protein is specifically bound easier to perform, whereas trapping
provides a more complete observation of the solution conformations of the

population.

2.2.3 Practicalities of studying transcription with AFM

AFM is a single-molecule technique and by virtue of this fact offers advantages
over more traditional biochemical techniques for the study of DNA
transcription. Earlier studies have typically been performed on large
populations of molecules, whereby measurements of properties represent
ensemble averages. This can lead to a situation by which events occurring at a
single genetic locus are obscured. With AFM it is possible to observe each
member of the population under study individually, and as such to obtain an
overall distribution of results. AFM allows molecular structures to be observed
directly, and can provide new information on the spatial arrangements of DNA,

RNA and RNAP during the various stages of the transcription cycle.

Studies of transcription via AFM typically follow very similar sample
preparations [101]. This usually involves the completion of the transcription
reaction in a test-tube, in which the RNAP, specially designed DNA templates
containing promoter sequences, and three of the four nucleotide triphosphates
(NTPs), are mixed together. The RNAP associates with the promoter region,
melting the target sequence and forming an open promoter complex (OPC). The
presence of the NTPs allows transcription to be performed in vitro, and the OPC
will go on to form an elongation complex. A chain of nascent RNA will begin to
be constructed out of NTPs. This period of elongation continues until the RNAP
encounters a base on the template DNA which codes for the NTP that is missing

from the solution. This point is known as the stall site, and the structure
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consisting of the protein, small chain of RNA and template DNA is known as a

stalled elongation complex (SEC).

Static studies of properties such as general complex structure can be performed
easily in ambient conditions, in a way that is identical to conventional studies of
DNA alone. Divalent cations, which help to facilitate DNA binding, are added to
the buffer containing the DNA-RNAP complex, before a small amount is
transferred onto mica and allowed to incubate for a period of time. This method
provides a “snap-shot” of the complex and allows the further exploration of OPC

and SEC structure [160, 166, 168].

Dynamic studies of transcriptional elongation can also be performed using AFM
but these measurements require the AFM to be operated under liquid. Imaging
the process of transcription in situ directly presents a problem that must be
overcome. Under liquid, molecules are less well bound to the substrate. Lateral
frictional forces between the molecule and surface are reduced, leading to a
situation where molecules can diffuse laterally across the surface and even
detach entirely. In addition to this, the tracking of the tip over the surface takes
a relatively long time. If these diffusional motions are faster than the time
resolution of the instrument, then the tip becomes unable to resolve the
molecule properly and the image obtained will be blurred. However, a strong
anchoring of the molecule to the substrate is unfavourable for the study of
dynamical processes such as transcription. For the RNAP to properly transcribe

the template, the DNA must be allowed some freedom to move and rotate.
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{a) Imaging buffer (b) Transcription buffer (c) Imaging buffer
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Figure 2-9. Method for studying transcription dynamically in liquid with AFM. This is
achieved by changing the buffer in the AFM fluid cell. The exchange of solution allows
imaging and transcription to be performed intermittently. DNA is shown as a grey line,
and RNAP as a green sphere. (a) Use of an imaging buffer allows effective binding of DNA
to the substrate, and leads to reliable imaging. (b) Substitution with a transcription
buffer enables the DNA to detach from the surface and allows for RNAP translocation. (c)
Subsequent imaging in the original buffer shows that the RNAP has moved along the

chain. This method produces time-lapse images of transcription elongation.

This problem can be circumvented by the exchanging of buffers in the fluid cell
of the AFM that either promote or inhibit DNA adhesion to the substrate. (see
Figure 2-9). Using this method it is possible to achieve reversible binding of
DNA to the mica surface, essentially by controlling the concentration of divalent
cations in the environment around the DNA [197]. The apparatus used consists
of containers suspended above the AFM, containing regulators to adjust the
flow rate. Buffer solution is constantly being driven into the system by the
influence of gravity, and the regulator is used to switch from one fluid to
another. In the study of transcription, two solutions are used: an “imaging”
buffer and a “transcription” buffer. The former allows enough adhesion for
complexes to be imaged properly, whereas the latter promotes detachment,

allowing the RNAP to move with respect to the DNA and transcribe it.
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2.3 Previous AFM studies of transcription

2.3.1 Initiation studies

For transcription to initiate, the polymerase must associate with the small
region of DNA known as the promoter. Guthold et al. have been able to observe
the one dimensional diffusion of E. coli RNAPs along a promoterless DNA
fragment with AFM [82]. Sequential images of these complexes were taken, in
which the DNA was seen to slide back and forth beneath the enzyme. The mean
diffusion distance, obtained from measurements on a large number of
molecules, was found to be approximately proportional to the square root of
time. This time-dependence is typical of diffusion-controlled processes. In
conjunction with sliding, AFM studies of non-specific complexes have also
observed intersegment transfer and hopping [26]. These events were preceded
and followed by sliding, so as such, it is possible that a combination of sliding,
intersegment transfer, and hopping are responsible for the most efficient

promoter search.

However, as a cautionary note, the lifetime of the non-specific complexes
studied in the AFM is much longer than bulk studies performed in solution [88,
187]. The fact that the DNA-protein complex is surface-bound in the AFM would
account for this discrepancy. The mica surface imposes a conformational
constraint on the complex, thus hampering its manoeuvrability, slowing the

reaction and preventing the enzyme from dissociating.

The E coli. RNAP-67° holoenzyme provides a relatively simple system with
which to study the structure of OPCs with AFM. Observations of RNAP-670 OPCs
with AFM have shown that the DNA template always appears bent in the region
bound to the polymerase [160, 168]. No significant curvature is observed in
DNA alone and it can be concluded that these bends are caused by the
conformational changes associated with the open complex formation. Rees et al.
examined complexes formed at the Ap;, promoter and obtained a mean bend

angle of 54° [160], while Rivetti et al. looked at the Apr promoter and observed a
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wide distribution of bend angles, with the DNA being bent between 55° and 88°
[168].

Rivetti et al. also performed a detailed analysis of the contour lengths of many
DNA molecules and found that in the case where RNAPs were bound to the
promoter in an open conformation, the length of the fragment was reduced by
~30 nm (~90 bp) relative to free DNA. This, together with the bend angle
measurements, enabled a model of the open complex to be put forward. The
reduction of contour length is consistent with a model in which the promoter

DNA is wrapped around the polymerase (Figure 2-10).

DNA

Figure 2-10. Model demonstrating how DNA can wrap around an RNAP core, and how the

characteristic bend angle is defined.

AFM studies have also been completed in which transcription-factor ¢>* was
used instead of 070 during transcription initiation [164, 179]. This method is
slightly more complicated, as the RNAP-6°* requires additional activators (e.g.
nitrogen regulatory protein C (NtrC)) to unwind the DNA to initiate
transcription. Upon ATP hydrolysis, the activator protein catalyses the
transition of the holoenzyme from a closed complex to an open complex. Both
closed and open complexes were imaged, along with an intermediate stage. The
intermediate complex consisted of contacts between RNAP-6>* at the promoter
and the NtrC, with the intervening DNA forming a loop. Looping provides a way

for the distal activator protein to access the promoter region containing its
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associated complex, with the resulting interaction allowing transcription
activation to take place. Both classes of complexes caused the bending of DNA in
the region around the promoter, with closed complexes exhibiting an apparent
bend angle of 49 + 24°, and open complexes yielding an angle of 114 + 18°
[164]. These differences were interpreted by explaining that the transition
from a closed complex to an open complex during transcription activation was

accompanied by structural changes in the complex.

2.3.2 Elongation studies

Rees et al. performed studies on both OPCs and SECs, with measurements of the
protein induced bends on the template providing a comparison of the two
different structures [160]. The mean bend angle in elongating complexes was
found to be 92°, compared to 54° in open complexes. Measurements of the DNA
contour length of stalled elongation complexes were undertaken, where it was
found that the template exhibited a ~22 nm reduction in length [166]. This
reduction was lower than earlier measurements performed upon open
complexes [168]. The reduced wrapping and changes in bend angle were
attributed to the loss of contacts between the DNA and polymerase during the

transition from initiation to elongation [168].

More dynamic aspects of transcription elongation can be followed by
performing the imaging under aqueous fluid, in the manner described
previously in this chapter (Section 2.2.3). Kasas et al. performed tapping-mode
AFM on a DNA fragment containing the Apr promoter site [102]. The
concentration of each NTP was kept deliberately low (0.5 - 5 uM), in order to
circumvent one of the inherent drawbacks of AFM. Data acquisition in AFM, as
with other scanning probe microscopy techniques, is relatively slow with an
image typically tens of seconds to be obtained. By using a relatively low
concentration of reactants, NTP binding becomes the rate-limiting step in
elongation. The slower elongation rate meant that various intermediates of the

process could be observed.
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Figure 2-11 Schematic of how dynamic studies into transcription elongation appeared
under AFM. One DNA strand is depicted with an RNAP bound, whilst the other strand can
be used as a reference. After NTPs are added into the reaction mix the RNAP remained
stationary, but was observed to thread the DNA through its core in a direction

corresponding to active transcription elongation.

Kasas et al. observed RNAPs firmly bound to the mica surface with associated
DNA that was free to diffuse laterally on the surface [102]. On addition of NTPs,
DNA molecules were observed being pulled through the enzyme core (See
Figure 2-11). The associated DNA arms were observed to concomitantly
increase and decrease in size, with the template eventually being released from
the polymerase. A sequence of images showing intermediates in transcription
elongation was taken, and subsequent measurements of the variation of the
relative position of the RNAP on the template with time, allowed the
transcription rate to be estimated as being 0.5 - 2 nt s1. Similar measurements
were later performed by Guthold et al. with a fragment containing the Apr
promoter and trz terminator [82]. Before addition of NTPs the two arms of DNA
either side of the polymerase were observed to diffuse laterally on the surface
but never translocated through the enzyme. Upon nucleotide injection, RNAP
began to thread the template in a unidirectional manner, consistent with the
orientation of the promoter in the fragment. Measurements yielded a

transcription rate of 1.5 + 0.8 nt s'1.

In both these two dynamic studies of transcription it was not possible to
observe the RNA transcripts. RNA is able to form base pairs with itself, allowing
it to fold up into compact secondary structures. These should remain in contact
with RNAP and perhaps become obscured by the broadening effect of the tip.
However, it has been possible to confirm transcription activity with AFM, by use

of rolling circle complexes [83, 102]. These are small, circular fragments of
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single-stranded DNA, which mimic the transcription bubble formed during
transcription initiation. An RNAP is able to transcribe a rolling circle for tens of
minutes, or until NTPs are no longer available in solution. Kasas et al. deposited
rolling circle complexes on mica and injected NTPs into the fluid cell
continuously to initiate transcription [102]. The cell was then flushed out, after
which the sample was dried. Long pieces of RNA, synthesised from rolling circle

templates, were readily imaged by AFM in air.

It is much easier to observe the RNA chain when the sample is dried and imaged
in air. Rivetti et al. studied transcription ternary complexes of E. coli RNAP and
yeast RNAP III, using the method of nucleotide omission to form stalled
elongation complexes [166]. They discovered that it was possible to observe
extended RNA transcripts clearly, but only when the stall site was over 370
nucleotides away from the promoter site. In general, the RNA chain was located
exiting from the RNAP, on the opposite side of the protein relative to the
smaller angle subtended by the DNA arms. For the bacterial RNAP the
distribution was centred about 140°. The authors believed that the location of
the RNA exit site may help in keeping the transcript far away from the DNA
arms, allowing the unhindered growth of the RNA chain [166].

2.3.3 Termination

Transcriptional elongation proceeds until the polymerase encounters a specific
base sequence, known as a terminator. Limansskaya and Limanskii used AFM to
visualise complexes of bacteriophage T7 RNAP with a DNA template during
transcription [117]. The 1414 bp fragment used contained the T7 promoter and
terminator asymmetrically located at the template ends. In this work,
Limansskaya and Limanskii were able to control the reaction conditions to
image complexes at the terminator site [117]. The transcription temperature
was reduced from 37 °C to 31 °C, resulting in a decrease in the dissociation rate
of the elongation complexes. Large globular features could be observed at the

terminator site, with their size suggesting that a number of RNAPs had stopped
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one after another on completion of elongation. Images were also obtained
showing three RNAP molecules bound to the template: one at the promoter,
another at the terminator site and a third located in between the two. This
result shows that as soon as one RNAP begins elongation, another can bind to
the promoter and initiate another round of transcription, and could contribute

to the high rate of transcription observed in vivo.
2.4 Outlook and developments

2.4.1 Fastscan AFM

AFM has allowed both static and dynamic studies of DNA transcription to be
undertaken. The different stages of the transcription process have been studied,
both in air and liquid, illustrating the versatility of the technique. These studies
have answered some of the questions surrounding transcription and can be
used in conjunction with other single-molecule and biochemical techniques to

obtain a much clearer picture of the mechanisms involved in transcription.

AFM is especially useful for studying the spatial arrangements of DNA and
protein, such as RNAP during different stages of transcription, in order to reveal
aspects of biological function. However, a number of technical limitations must
be overcome for the technique to be reliably used to visualise dynamic DNA-
protein interactions. To obtain any meaningful statistical conclusions about an
event, a relatively large population must be studied. Data acquisition is
relatively slow with AFM. The imaging time is especially important in dynamic
studies, such as transcriptional elongation, where if the tracking is too slow, an
event may be entirely missed. AFM scans over a relatively small area, providing
a high resolution image. Scanning a small area does, however, limit the number
of molecules visible in a single scan and as such, a large number of scans must
be taken of different areas to derive a meaningful conclusion: a process which

can be time-consuming.

Attempts have been made at improving the scan-speed, but these require

radical re-design of the AFM instrumentation. For example, in the high speed
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VideoAFM a micro-resonant scanner is used. [91, 95]. There is no electronic
feedback loop, but by controlling the mechanics of the cantilever and applying a
force directly to the tip, it is made to continuously track the sample surface. An
image on a conventional AFM takes tens of seconds to obtain, whereas the
VideoAFM can deliver videos at a rate of around 20 frames per second.
However, this approach is so far limited to imaging in contact mode and
therefore for DNA is restricted to ambient conditions utilising samples that are

tightly bound to the surface.

Another strategy for high-speed AFM utilises small cantilevers [7].
Miniaturising AFM components means that their resonant frequencies increase,
allowing them to be driven at higher speeds before mechanical resonances are
excited. A number of studies utilising the small cantilever approach have
centred on the dynamics of restriction nucleases and DNA complexes at a
single-molecule level, during which it was possible to study the interplay
between the two molecules, such as the one-dimensional diffusion of a
restriction enzyme along DNA, and the eventual cleavage of the strand in real-
time [51, 77, 216]. One such study by Crampton et al. studied the action of the
type III restriction nuclease EcoP151 [51], which must interact with two
recognition sites separated by 3500 bp before it is able to cleave the DNA. The
fast-scanning method allowed the imaging of EcoP151 translocation in real time
at a rate of 79 bp/s, and a scan rate of 1-3 frames per second. This is a huge
breakthrough, as illustrated by comparing this translocation rate to the speed of
transcription elongation observed by Guthold et al. using conventional tapping
AFM (0.5-2 bp/s) [82]. They also observed the dynamic formation of DNA loops
and transient DNA supercoiling. They concluded that the enzyme uses both

translocation and diffusive looping to form contacts with its recognition sites.

Small cantilever AFMs using tapping mode have been used by Kobayashi et al
to visualise short DNA strands in motion in aqueous liquid [106]. Moreover,
they demonstrated the ability of the technique to observe real-time images of
biotinylated DNA binding to and dissociating from streptavidin protein. It has
already been demonstrated that it is possible to form DNA-RNAP complexes in
bulk fluid using conventional tapping mode AFM by injecting a solution of RNAP
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holoenzyme into a fluid cell containing DNA [81]. As such, it should be possible
to observe the real-time formation of OPCs using fast scan AFM techniques. Fast
scan AFM still holds the promise of being able to study DNA transcription in
situ, with a view to observing the entire process in its entirety from promoter

recognition to termination.

Whilst it has already been shown that it is possible to study DNA-protein
dynamics with fast-scan AFMs [51], the technique is in its infancy, and more
work is needed to make the system reliable. Even at these enhanced scan rates,
resolution is compromised due to molecular motion, and routine imaging of
DNA is difficult to achieve because tuning of the DNA-mica interaction is
difficult to achieve consistently. However, work on understanding how divalent
cations effectively bind DNA to a mica surface through counter-ion correlations
has allowed a greater degree of control over DNA conformations in buffer [152,

153].

2.4.2 Moving to more complex systems

To date, studies of DNA transcription with AFM have generally used fairly
simple model systems, typically consisting of short DNA templates containing
the required promoter regions, and RNAP holoenzymes. Transcription in vivo is
much more complex; genomic DNA can be thousands of base pairs long, and a
RNAP may require a number of different transcription factors to assist
activation of transcription. For further insights into transcription to be gained
through AFM techniques, it will become necessary to switch to systems of

greater complexity, which better imitate the conditions found in vivo.

A major problem when imaging long strands of DNA with AFM is their tendency
to cross-over numerous times on the surface during deposition. One method for
aligning long DNA molecules on a surface uses the flow force generated by
meniscus motion, otherwise known as molecular combing. Li et al. used gas
flow to drive forward a drop of DNA solution on a bare mica surface [115]. By
carefully controlling the direction of the flow, and the speed of the moving

interface they were able to align long A-DNA fragments (48,502 bp) on the
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surface. Maaloum pursued a different strategy using lipid monolayers as a
substrate for DNA [125]. Local demixing of the different lipid constituents
caused A-DNA to bind to the surface in a preferred orientation. The favourable
orientation of the DNA relative to the fast scan direction allowed high resolution
images, showing the right-handed DNA helix, to be collected under aqueous

buffer. Molecular combing can, however, cause DNA over-stretching.

Under AFM, proteins appear as globular structures, and any molecules forming
a complex with DNA can be easily identified from the template they are bound
to. However, when studying systems of greater complexity, where two or more
proteins could be interacting with DNA recognition sites close to each other,
proteins of similar size become indistinguishable by their morphology alone.
This poses a barrier to the study of more biologically relevant systems for
transcription. Genes are often flanked by a number of different binding sites for
different transcription factors, and efficient gene expression can require the
cooperative behaviour of several different proteins. The inability of current
AFM techniques to unequivocally identify different proteins by morphology
alone makes it difficult to draw conclusions about how they interact with each

other during transcription.

The work of Crampton et al. on convergent transcription represents one the
first studies where more than one protein has been observed on a single DNA
template [47]. To study systems of greater and greater complexity to further
understand transcription in vivo, new methods complementary to AFM will be
necessary, for example, to identify different protein components within a larger
macromolecular complex. Combining AFM with fluorescence microscopy is an
attractive solution, since specific molecules can be identified by attaching
fluorescent dyes or objects. However, the spatial resolution of the technique is
limited by the wavelength of light used during excitation. By combining both
techniques together it becomes possible to overcome their own individual
limitations. Ebenstein et al. used this strategy to examine the interaction of two
distinct RNAPs (E. Coli RNAP and T7 RNAP) with T7 genomic DNA [60]. The
DNA possessed promoter sites for both RNAPs. Three E. Coli RNAPs were
observed with AFM in close proximity to each other. The E. Coli RNAPs were
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labeled with a fluorescent quantum dot, and whilst individual molecules could
not be distinguished, the fluorescence image identified the particular type of
protein observed under AFM. The T7 RNAPs were labeled with four different
colored quantum dots, which could be seen dotted along the DNA backbone
with fluorescence imaging, demonstrating the ability to detect multiple

interacting species.

Sanchez et al. used fluorescent polystyrene nano-spheres to align the optical
image with the AFM topographic image, allowing both signals to be overlaid for
easy analysis [174]. They studied the interaction of the human RAD51 protein
labeled with a single fluorophore with A-DNA. Under fluorescence imaging they
observed green filamentous structures, which were interpreted as DNA covered
with RAD51. In this case they were able to detect the presence of the protein by
its fluorescence, and further define the DNA structure from the AFM topography
images. Although single-fluorophore sensitivity has not yet been demonstrated
by this technique, it is nonetheless an intriguing development in imaging,
combining the single-molecular resolution of AFM with molecular recognition

capabilities from optical signals.

Over the last couple of decades, AFM has been used to study every major step in
transcription, from the initial formation of DNA-RNAP complexes to dynamic
studies of transcription elongation, and eventual termination of complexes. The
microscopes ability to provide direct structural information has proved
extremely useful in ascertaining the spatial arrangements of DNA-RNAP
complexes actively involved in transcription. The potential future developments
in AFM imaging described here demonstrate that the technique still has much to
offer, and will allow the possibility to move away from predominantly simple
studies on static systems to dynamic systems containing a number of

interacting proteins, more akin to the situations found in vivo.
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3 AFM imaging of DNA on mica

3.1 Introduction

AFM is a single-molecule technique and by virtue of this fact offers advantages
over more traditional ensemble biochemical methodologies for the study of
DNA transcription. With AFM it is possible to observe each member of the
population under study individually, and thereby obtain an overall distribution
of results, allowing any heterogeneities or different intermediates to be spotted.
AFM allows molecular structures to be observed directly, and can provide new
information on the spatial arrangements of DNA, RNA and protein during the
various stages of the transcription cycle. As AFM detects every feature on the
surface, having a similar sensitivity to all objects as it detects forces, it is crucial
to have high-quality DNA samples that are free from contamination. It is
important that the surface-bound complexes imaged under the AFM tip
represent the in vivo structures of the molecules as accurately as possible. Clean
images are important for studies of DNA;RNAP complexes as any extraneous
factors, such as protein or buffer contamination, could lead to misinterpretation

of data.

This chapter deals with the production and purification of DNA samples for
imaging under AFM. A range of different fragments were used: both linear and
circular, which were produced in a number of ways. This chapter begins with a
description of some of the molecular biology techniques used, and the steps
involved in sample production. Both restriction enzyme digestion of DNA
plasmids, and amplification by the polymerase chain reaction (PCR) were used

to generate the necessary linear fragments.

The purified DNA must then be deposited onto a mica substrate prior to
imaging. Samples were prepared using the sessile drop method, in which a

small drop of solution is deposited onto the substrate and allowed to incubate
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for a period of time, before it is then washed and dried. The different stages of
this process were investigated separately, with the aim of studying how they

could potentially influence the surface population.

To achieve efficient binding of the molecule onto a substrate there must be an
attractive interaction between the mica surface and DNA. We look at different
ways of achieving this by introducing divalent cations into the system, and how
the method used affects the conformation of the molecules seen on the surface.
With these studies it becomes possible to understand how a population of

surface-bound transcription complexes might represent those in solution.
August Johansson is acknowledged with collecting the data in Section 3.5.2.
3.2 Preparation of DNA samples

3.2.1 The Polymerase Chain Reaction (PCR)

A number of linear DNA templates used in this thesis were generated by PCR of
linear DNA. PCR was discovered by Kary Mullis in the 1980s, and for this
concept he was awarded the Nobel Prize. PCR is an incredibly powerful
molecular biology technique which allows the generation of many copies of a
single DNA template, using a relatively simple procedure whereby certain
processes involved with DNA replication are simulated in a test tube using
reagents similar to those found in vivo. Basically, the DNA double helix is
denatured, leaving two individual strands that can act as templates for the
manufacture of daughter strands. The starting material for the process is
double-stranded template DNA that contains a certain sequence to be amplified.
The region to be amplified is specified by the use of specially designed
oligonucleotide primers. These provide a starting point for DNA polymerase to
catalyse chain elongation, as in DNA replication in vivo. The reaction mix
contains a small amount of template DNA, DNA polymerase, and the four
deoxynucleotide triphosphate (ANTP) monomers. Each cycle in the PCR is

essentially a three step process (see Figure 3-1 for a schematic diagram):
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1. Denaturation
2. Annealing of primers

3. DNA synthesis

The denaturation step involves the heating of double-stranded template DNA,
usually at 95°C for five minutes. The elevated temperatures break the hydrogen
bonds making up the double helix, and the DNA is said to melt. The
temperatures used are not sufficient to break the much stronger covalent
phosphodiester bonds of the backbone and so the molecule exists as two single-

stranded chains, which can act as templates.

Annealing of the sequence specific primers begins with the rapid cooling of the
solution to a temperature usually 5-10 °C lower than the melting temperature
Tm (defined as the temperature at which half of the DNA strands exist as double-
helices, and the other half are still single-stranded) of the primer template
complex. DNA polymerase is unable to begin a new chain alone (it can only add
a nucleotide onto a pre-existing 3’-OH group), but needs short lengths of nucleic
acid primers to begin the reaction. The temperatures used allowed primers to
readily anneal to their complementary sequences on the single stranded DNA.
The starting point for DNA synthesis can be specified by designing the primer so

that it anneals to the template at a particular sequence along the chain.

The third stage involves heating the reaction to a higher temperature, typically
72 °C (the optimum working temperature of the heat stable DNA polymerase).
PCR uses heat stable Taq DNA polymerases that add deoxynucleotides to the 3’
end of the primers, using the other strand as a template, to produce new double

duplex daughter DNA strands.

The original and newly synthesised strands then go on to become templates for
another cycle of heating, annealing and synthesis. In the first cycle of PCR, each
DNA template gives rise to two new daughter strands, doubling the number of
strands in solution. Repeating the cycle again doubles the number of strands

once more, and many cycles lead to the exponential growth and massive
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amplification of the number of molecules. The original template becomes only a

tiny fraction of the total population
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Figure 3-1. Schematic diagram of the PCR process. (a) The complementary DNA strands
are represented as different shades of blue. The double helix is split by heating to
produce two complementary strands. Primers are able to anneal to the exposed strands
at specific target locations. Polymerases then move along the chain, building the chain as
they go. (b) The process begins again, but this time there are four binding sites available
to the primers. For simplicity, only the daughter strands that contain one strand of the
same unit-length as the desired region are shown. (c) These strands subsequently act as
templates for the third cycle. The result is two identical copies of the desired fragment.

Subsequent cycles then produce many more of these fragments.

Important to PCR was the replacement of normal DNA polymerases with
thermally stable Tag DNA polymerases, originally discovered in hot springs.
These have the important characteristic that they are not inactivated at high
temperatures, and increase the specificity of the reaction [38, 61, 171].
Originally PCR utilised E. coli DNA polymerases that become denatured at the
temperatures needed to separate the DNA helix, meaning that fresh enzyme had
to be added at the beginning of each cycle; a time-consuming process. Taq
polymerase has an optimum working temperature of 72 °C, but remains stable
up to 95 °C. Taq polymerase needs only be added at the start of the reaction and
remains active throughout amplification, and allows the entire process to be

automated by the use of thermal cyclers.
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The initial studies on sample preparation described in this chapter required a
number of DNA test molecules. These samples were obtained by amplifying
different portions of a GAPDH cDNA template. The original template is 1310 bp
long, but by using specifically designed forward and reverse primers it is
possible to pick out specific regions of the original template (see Figure 3-2 for
schematic). Primers must be carefully designed so that annealing to multiple
sites on the template is avoided. Using these methods fragments of sizes 200,
400, 600 and 800 bp were produced. Practically the PCR reaction was
performed by making up a 50 ul solution containing the heat resistant Taq
polymerase, template DNA, dNTP mix, and MgClz. Reactions were performed
using the GoTaq Hot Start Polymerase (Promega) kit as per the manufacturers
instructions. This involved the reaction mix being placed in a thermal cycler
and 25 PCR cycles were performed. In an ideal (100 % efficient case) this would

lead to a 225 fold increase in DNA number density.

e | 400 bp: 822-1221

— 200 bp: 1022-1221

GAPDH Template — 1310 bp :

i

— 800 bp: 446-1221

——— 600 bp: 622-1221

Figure 3-2. Diagram showing origins of PCR generated linear fragments. The original
GAPDH template is shown in dark blue, and the fragments produced in light blue along

with the specific locations of the product regions.

3.2.2 Gel Electrophoresis

Gel electrophoresis is an important analytical technique for separating DNA
fragments according to size, and can provide both qualitative and quantitative
information. For example, after PCR has been performed, it is important to
detect whether the process has worked correctly and to analyse the amount of

product. Gel electrophoresis separates molecules by size; the gel acts as a mesh
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and passes small molecules quicker than larger fragments. DNA is negatively
charged and naturally takes up a rod-like shape when placed in an electric field.
By virtue of its charge, DNA molecules will move through the gel when a current
is applied, at a speed governed by the molecules size. The gel is placed in a
buffer to resist changes in pH, and to provide a suitable ionic field so as to allow

a current to pass through the gel.

Size standard

Equally sized fragments

I—I Direction of
DNA

— migration
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-
—
—
—
—
o
—
—
—
| —
| —

*

Smaller DNA Larger DNA
fragment fragment

Figure 3-3. Example of a gel electrophoresis experiment, with the main features
indicated. DNA fragments show up as fluorescent bands under UV light. These can be
referenced against a size standard (e.g. 1 kbp ladder), allowing an estimation of the size

of the DNA to be made.

The different sized fragments separate into discrete ‘bands’ by virtue of their
different migration speeds through the gel (see Figure 3-3). DNA bands are
detected in the gel by staining with ethidium bromide (EtBr) and through
illumination by UV light. EtBr is an example of an intercalator: a molecule that
inserts itself between two base pairs of double-stranded DNA. The EtBr
molecule strongly fluoresces under UV illumination. This is a phenomenon
whereby a molecule is excited by absorbing light at one wavelength and relaxes
by emitting light at a longer wavelength. In this case, visible light is emitted

allowing the DNA to be visualised as a bright band on the otherwise dark gel.
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The amount of DNA and the size of the fragment determines the amount of EtBr

bound and hence the brightness of the band.

Gel electrophoresis can be used not only simply to detect the presence of DNA
in a solution, but also to determine the sizes of unknown fragments. A solution
containing a number of different sized DNA fragments can be separated on the
gel, by virtue of their different migration speeds through the mesh. An example
of this is size standards or ladders; DNA samples which contain a variety of
different fragments of known sizes. These separate on the gel, and can act as

references to determine the size of unknown fragments.

Practically a 1-1.5 % agarose gel was produced by melting agarose powder
(molecular biology grade, Sigma, UK) in 1 x Tris-acetate-EDTA (TAE) buffer, and
adding 2 pl per gel of 10 mg/ml EtBr for nucleic acid visualisation. This mixture
was poured into a horizontal slab gel rig, before a plastic sample comb was
added to form wells for the addition of DNA samples, and allowed to set. Once
set, the same 1 x TAE buffer was poured into the assembly such that the gel was
submerged. Samples were mixed with 1 x Blue/Orange loading dye (Promega)
and then loaded into the wells, together with a 100 bp ladder (Promega) in a
separate well to allow effective size determination. Samples were then
electrophoresed at 100 V until the Orange G component of the dye had migrated
to the base of the gel, typically around 1 hour. Gels were then illuminated on a
UV transilluminator and images were captured on a CCD camera. The DNA was

run in non-denaturing conditions.

Agarose gels were also used in a quantitative manner to determine DNA
concentration. In this case, an additional well containing A DNA HindlIII
molecular weight marker was added. This contains A DNA that has been
digested with the restriction nuclease HindlIl (see section 3.2.4), to produce a
ladder of bands of known size. Each band is equimolar in concentrations, but
smaller bands will appear fainter than larger ones, as there is less actual DNA
material in that particular component. The intensity of each band can be
compared to the known mass of the DNA in the band to determine the

relationship between intensity and mass. As such, the total amount of DNA in
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the sample bands can then be determined, together with the concentration.

DNA concentrations were typically in the range 10-100 nM.

3.2.3 Spectrophotometry

DNA concentration was also measured using spectrophotometry. The
spectrophotometer is a device that measures the intensity of light as function of
wavelength, and is used to determine both the concentration and purity of a
solution of DNA. The device consists of a light source, a sample holder and a
detector (Figure 3-4). If a beam of light passes through a substance, a portion of
the light will be absorbed by the substance, and the intensity of light exiting the
sample will be diminished. Nucleotides in solution are able to absorb light in the
UV region of the spectrum, with a maximum absorption at a wavelength of 260
nm. Proteins also absorb UV light, but closer to 280 nm wavelength. Therefore
the purity of the sample can be determined by measuring the absorption at both
260 and 280 nm, and comparing the results to those obtained from pure
solutions. The ratio of absorbencies (Azs0/A280) should be equal to 1.8 for a
sample of pure DNA. If protein contaminants are present in the solution the
absorbance at 280 nm increases more than at 260 nm, as proteins absorb light

at 280 nm better, so the ratio Azs0/A280 decreases.
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Figure 3-4. Schematic diagram of a spectrophotometer. A light source emits a beam of UV
radiation, which passes through solution of DNA, before being received by a detector. The
DNA solution absorbs some of the UV light, and by measuring the amount of light
absorbed the DNA can be quantified. Solutions with low DNA concentration (a) absorb

less light than those with a high DNA concentration (b).

The spectrophotometer can also be used to quantify solutions of DNA, as highly
concentrated samples absorb more light than samples of low concentration
(compare schematics in Figure 3-4). The device is usually calibrated before use.
This involves measuring the absorbency of a reference sample, such as water,
which is then set to a baseline value of zero. The spectrophotometer then
measures the percentage of light absorbed relative to the original reference.
The absorbance of a number of DNA solutions of known concentration can be
measured, and plotted to produce a reference curve, showing absorbance as a
function of concentration. The absorbance of the DNA sample to be tested is
then measured, before being compared with the reference curve to find the
accurate concentration. Although both the spectrophotometer and gel
electrophoresis methods of DNA concentration quantification gave similar
values of concentration, it was felt that the optical density readings were more

reliable and quicker to obtain, and so this technique was used preferentially.
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3.2.4 Restriction Enzymes

Long fragments of linear DNA (length of the order of kbp) were obtained
following enzymatic digestion of plasmid DNA. Restriction endonucleases act as
molecular scissors, allowing the fragmentation of large DNA molecules.
Originally, it was observed that when DNA molecules from one strain of E. Coli
was introduced into another strain, the foreign DNA was almost always broken
down into smaller pieces. Ocasionally the infecting DNA was not broken down
but was somehow modified. Subsequent studies showed the presence of
methylated bases in the surviving molecules [131]. Extracts of cells of E. Coli
revealed the presence of a specific modification enzyme that methylated DNA
and a restriction enzyme that broke down unmethylated DNA [119]. Further
investigation led to the discovery of restriction nucleases inside other bacteria,
with the important feature that they only cleave DNA at specific nucleotide
sequences [104]. A nuclease is a type of enzyme that is capable of cleaving the
phosphodiester bonds between nucleotide units. In this case, the enzymes
restrict the transfer of DNA between certain strains of bacteria so the name

restriction nuclease was chosen for them.

The restriction endonucleases used for research are mainly purified from
bacteria, where they protect the prokaryotic cell from bacteriophage invasion.
In vitro they sever the backbone of both strands at specific target sites on the
DNA chain. The target areas are small (typically 4-8 nucleotide pairs), and so in
a long DNA molecule there will be several possible cleavage sites. The target
sites are often palindromic; the nucleotide sequence reads the same as the
complementary strand in reverse. There are over 100 commonly used
restriction enzymes, with names related to the bacteria they were isolated from
[169]. They make their cuts in one of two ways: either straight through both
strands at the same point to produce fragments with blunt ends, or displaced
equally in opposite directions from the line of symmetry to produced fragments
with single-stranded regions known as sticky ends (see Figure 3-5). They are
named in this manner as they are free to base pair (stick) to complementary

sequences from DNA cut from the same restriction enzyme.
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(a) Haelll (b) EcoRlI
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Figure 3-5. Diagram showing the action of two restriction enzymes: Haelll (a) and EcoRI
(b). The enzyme is shown as a blue oval. The enzymes can recognise the target sequences
shown, and begin to cut both strands at specific points in the sequence (red dashed line).
This produces two separate fragments, with blunt ends in the case of Haelll and sticky

ends with EcoRI.

To cut a DNA molecule with a restriction enzyme, a solution containing the DNA
is put into a small test tube and a solution containing the nuclease is added. The
reaction mixture is incubated at the enzymes optimum working temperature
(often 37 °C). Time is allowed for the enzyme to find its recognition sequences
and cleave the DNA backbone. Subsequent to this the digested fragments can be
separated. The method generally used is gel electrophoresis. Staining of the
DNA allows the fragments to be observed, and the fragment of interest can be

extracted and purified.

3.2.5 Column Purification

As AFM is able to provide a complete picture of the molecule under study, it is
important to have a clean solution of DNA. Impurities in AFM samples can be
visualised as large globular features on the surface, which can obscure
important features of the DNA. Any purification method must remove
extraneous material left over from the PCR reaction, such as primers,

nucleotides, enzymes, and buffer salts.
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Two techniques of purification were used: QIAquick PCR Purification (Qiagen,
Valencia, CA) and QIAquick Gel Purification (Qiagen, Valencia, CA). Both
purification methods utilise similar protocols (see Figure 3-6 for main
principles). The DNA-containing solution is transferred into a spin column,
which contains a silica membrane. DNA is able to adsorb to the membrane,
while contaminants remain in solution. The kits use special buffers that enable
the efficient recovery of DNA and the removal of contaminants. During the
washing step, buffer is added before the column is centrifuged. During this step
unwanted impurities pass through the column and can be disposed. Finally, the

DNA is eluted by centrifuging the column with a Tris buffer.

(a) Bind (b) Wash (c) Elute
—] I — I —
spin—T| Centrifuge Centrifuge
column @
(&)
(@]
N\t -\
silica — L] — -

membrane

\ &

Collection tube

Figure 3-6. The spin purification procedure. (a) The DNA-solution is transferred into the
spin column. DNA (shown as a red line) adsorbs to a silica membrane. Impurities (shown
in green) remain in solution. (b) The solution is then washed with a buffer. Impurities
pass through the column into the collection tube, and can then be disposed of. (c)
Another spin with an elution buffer causes the purified DNA to be passed through the

column.

The PCR purification kit was used when a solution contained only a single DNA
component e.g. PCR-generated linear fragments. The gel extraction kit was used
to separate samples when a range of fragment sizes or components (e.g.
supercoiled and relaxed plasmids) were present in a single volume. This
involved an additional step, whereby the inhomogeneous sample was run on a
gel to separate the fragments into discrete bands. Different fragment sizes were

identified by comparison with a DNA ladder. The fragments to be purified were
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excised from the bulk gel using a clean scalpel before being melted and re-
suspended into solution, and were subsequently purified. Both purification
techniques were found to provide samples that could be effectively imaged

under AFM with a minimum of contaminant particles.

3.2.6 Circular Samples

A number of experiments used small, circular molecules of DNA known as
plasmids. These molecules are isolated from bacteria, and are located away
from the main chromosome of the species. As early as the 1960s it was
discovered that circular DNA molecules exist in two main structural forms.
These different forms were observed using electron microscopy, during which
it was seen that one component contained mainly open rings, whilst the other
form was more compact, containing more crossings of the DNA backbone. It
was also found that the twisted circular form of the DNA can be converted into
the open form by a single break in one of the strands of the phosphodiester

backbone.

The compact form arises from the relative twisting of both ends of the DNA
chain, prior to being joined to form a circular molecule. The coiling of the DNA
helix upon itself is known as supercoiling. This process introduces large
amounts of strain into the molecule, and can cause the molecule to contort in
space, leading to the crossing over of the helix and a more compact
conformation. There are two opposite forms of supercoiling; a direct
consequence of the DNA helix being right-handed. Right-handed twisting causes
the helix to twist up further, and is known as positive supercoiling. Conversely,
left-handed twisting causes the helix to untwist, and is known as negative
supercoiling. A single cleavage of one phosphodiester bond (nicking) will mean
the broken strand can rotate about the intact strand to dissipate the torsional
stress created by supercoiling. The supercoiled form is often known as closed-
circular DNA, and the nicked form as open-circular DNA (see Figure 3-7 for

examples).
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Figure 3-7. Comparison of different plasmid fragments of plasmid pBR322 imaged
together by AFM. Here the spread-out open circular (OC) conformation can be seen
alongside the more condensed, supercoiled closed circular (CC) plasmid, where -self-

crossing of the strand is observed. Image is 5 pm x 5 pm.

Plasmid pBR322 (4.2 kbp) was used for studies into circular DNA molecules. A
sample of circular DNA will consist of two components: the naturally occurring
closed circular form, in addition to the open-circular, formed through stress
causing the nicking of one strand, leading to the release of the topological strain.
The two forms were separated by virtue of their different migration speeds
through agarose gel electrophoresis (Figure 3-8). The more compact closed-
circular form moves faster than the spread-out open-circular conformation. The
two fragments were then visualised by EtBr staining, and purified using the gel

extraction method.
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Figure 3-8. Gel electrophoresis of a plasmid preparation and its linear digestions. The
two components of the plasmid can be seen: The closed circle (CC) moves through the gel
faster than the open circle (OC) conformation because of its more compact shape. Only
one fragment is visible after restriction enzyme digestion (In this case EcoR1 and
BamH1), corresponding to the linearised plasmid. All the molecules exist as linear

fragments when seen under AFM.

In order to create longer linear molecules, the pBR322 plasmid was digested
using restriction enzymes. The restriction enzymes used were either
BamH1(Promega) or EcoR1 (Promega), which are specific to different
sequences. BamH1 recognises the sequence 5’-GGATCC-3° while EcoR1
recognises 5’-GAATTC-3’. The digestion of the plasmids was performed in the
same way for both enzymes. A solution was made up containing the plasmid,
restriction enzymes and buffers specific to that enzyme, which was incubated
for two hours at 37 °C allowing digestion to take place. Plasmid pBR322
contains just a single recognition site for both BamH1 and EcoR1, meaning that
digestion results in the linearisation of the circular molecule, rather than the
production of fragments of different sizes. When imaged under AFM, the two

different digestions are indistinguishable (Figure 3-9).
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Figure 3-9. AFM images of linearised plasmid pBR322. The end result of both digestions

is the same: linear fragments of 4.2 kbp size.

3.2.7 AFM imaging of DNA on mica

Muscovite mica (Agar Scientific) (KAlz(AlSiz010)(OH)2) was used as a substrate
for all DNA samples. Prior to deposition, 30 fmol of purified DNA samples were
diluted tenfold into an imaging buffer consisting of Tris-HCl (4 mM, pH 7.5) and
4 mM MgClz. Samples were typically prepared for imaging by depositing 10 pl of
DNA solution in buffer onto freshly cleaved muscovite mica and incubating for 3
minutes at room temperature. After this, the samples were rinsed in milliQ
water, before being dried in a weak flux of nitrogen gas. Variations on this

protocol are explained in the text.

AFM images were collected in air with a Multimode Nanoscope Illa AFM (Veeco,
Santa Barbara, CA) operating in Tapping Mode using silicon cantilevers (OMCL-
AC160TS, Olympus, Tokyo, Japan) of quoted spring constant 42 Nm- and
typical resonant frequency 300 kHz. There may be some variation in spring
constant between different tips of the same type, and if the value is too high
damage to the molecule may occur. If during imaging the resolution appeared
poor, or scanning led to deformation of the molecule then the tip was replaced
and a new area on the sample imaged. Scans were collected at a line frequency

of 2 Hz at 512 x 512 pixel resolution.
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3.3 Sample Preparation Investigations

DNA was one of the first biological molecules imaged using AFM and is still one
of the most widely studied biomolecules with researchers. Before imaging, the
molecules must be immobilised on a surface; this typically involves the addition
of a DNA solution onto a surface, before incubation, rinsing, and finally the
drying of the sample in a flow of compressed gas. Preparation of mono-
dispersed DNA molecules on a mica substrate depends on a number of different
factors including DNA concentration, incubation time, buffer conditions, drying
procedure and mica pre-treatment. An initial aim of this research was to
perform a systematic investigation into how these variables affect imaging, with
a view to optimising surfaces for the study of DNA-protein interactions. We
focus on improving dispersion of DNA on mica for studies at the single molecule

level. Samples were prepared using the sessile drop method.

3.3.1 Deposition Kinetics

The first step of the sample preparation process involves a small drop of
purified DNA in buffer being placed onto the sample surface using a pipette, in
this case a mica substrate, before being left to incubate over a period of time.
Providing that the DNA experiences an attractive interaction towards the mica
the molecule will be able to bind to mica. DNA deposition consists of two parts:
DNA transport from solution towards the surface, and DNA binding once at the
surface. An experiment was performed to study the deposition process further,
whereby a 10 pl drop of DNA (30 fmol) in deposition buffer containing Mg(II)
was transferred onto a cleaved mica disc. The DNA was incubated on the
surface from various time periods from 5 s to 10 minutes, before the disc was
rinsed and then dried in a weak flux of argon gas. As the deposition time
became longer increasing amounts of impurities were observed on the surface,
and could be a result of the crystallisation of buffer salts. The behaviour of two
different linear fragments was investigated; namely a short 800 bp fragment

and a significantly longer 4.2 kbp linearised plasmid. Figure 3-10a shows a
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series of images of 800 bp DNA at increasing deposition times. These images
appear to demonstrate that as the incubation time is increased, the number
density of DNA on the surface appears to increase accordingly. The same
experiment was performed using the larger 4.2 kbp linearised fragment. A
similar result was obtained, with the number of molecules increasing with the

time the drop is left on the surface before drying (Figure 3-10b).

(a) 800 bp

10 mins

(b) 4.2 kbp

Figure 3-10. Comparative AFM images of (a) 800 bp and (b) 4.2 kbp fragments incubated
for increasing time. With the increase in deposition time the number density of DNA on

the surface increases. Each scan is 3 um x 3 pm.

In order to get a more quantitative view of how DNA behaves during deposition,
a number of different areas were imaged for each time point. The number of
molecules in the imaging area was then counted manually, and normalised to
calculate the average number of DNA molecules per pm?2. Only molecules where

more than half of the backbone was in the imaged frame were scored.
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The results of such analysis are shown in Figure 3-11. Here it can clearly be
seen that with increased incubation time, the surface density of DNA increases
concurrently. The points for both samples were fitted to curves of the form
y=At"/2. The experimental data line up approximately with the curves, with R?
values of 0.91 and 0.87 being obtained for the 800 bp and 4.2 kbp fragments
respectively, indicating that such a relationship is valid. A t* relationship is
typical of a diffusion controlled process [167]. The multiplication factor A is
directly related to the diffusion coefficient D and gives a measure of how fast a
species diffuses from an area of high concentration to an area of low
concentration. Values of the constant A were calculated as 9.30 for the 800 bp
fragment and 1.53 for the larger fragment. The ratio of these numbers is
roughly similar to the ratio of the actual sizes of the DNA fragments. The curves
show that the smaller fragments can move through the solution quicker and
bind more readily. Smaller masses moving quicker than larger masses would

also be typical of diffusive behaviour.

The experimental points were also fitted to exponential curves, with R2 values
of 0.94 (800 bp) and 0.82 (4.2 kbp) being obtained. Exponential dependences
are typical of chemical reactions where an activation barrier controls the
reaction rate. Although the points line up approximately with a curve of such
form there is not expected to be any chemical reaction occurring between DNA
and mica. Surface binding can be achieved through a chemical strategy where the
molecule is covalently linked to the surface. This can be achieved by chemically
funtionalising the substrate with positively charged groups, such as amines (NH3).
Aminosilanes, particularly aminopropyltriethoxysilane (APTES), have been used to
create positively charged surfaces, meaning that negatively charged DNA will interact
strongly with the substrate [48, 123, 184, 186]. Due to the absence of any mica surface
treatment in the experiments described here, the most straightforward explanation of
the deposition of DNA onto mica uses physisorption processes, where the environment
and the surface are controlled to immobilise the molecule via the natural forces

present. In such a case a t/2 curve is expected to be more valid.
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Figure 3-11. The deposition Kinetics of (a) 800 bp and (b) 4.2 kbp DNA fragments on
mica. The number density of DNA molecules bound to the surface with varying

deposition times from seconds to minutes was calculated and plotted.

Several studies have also shown that the adsorption of DNA from a solution
onto a surface is a diffusion-governed process [113, 167]. During their studies
of DNA adsorption onto a protein membrane, Lang and Coates stated that
random thermal motions (diffusion) was responsible for binding only if a

number of conditions were satisfied [113]:

1. The DNA is irreversibly bound to the surface.
2. The DNA solution is sufficiently dilute to prevent molecules interacting
with each other.

3. DNA binding sites do not become saturated.
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4. The concentration of DNA in solution should be large compared to that
on the surface, such that the concentration near to the substrate does not
diminish significantly.

5. Diffusion is the sole transport mechanism. Other effects such as

convection and sedimentation are neglected.

Experiments have shown that the effect of sedimentation is small, compared to
the average displacement by diffusion. Additionally, if DNA is transported by
convection currents, from for example temperature gradients, the number
density of bound DNA would be directly proportional to time ¢ [113]. Similarly
the time dependence will be higher than 0.5 if the DNA is not irreversibly bound
to the surface. At the length scales studied here, bare mica with no bound DNA
could still be observed when imaging, making it likely that DNA binding sites

were not yet saturated.

Rivetti also studied the deposition process of DNA onto mica with AFM, and
found that the transport of DNA molecules from a sufficiently dilute solution
was solely governed by diffusion and that the molecules were irreversibly
bound to the surface [167]. Our AFM studies into the kinetics of DNA adsorption

with two different fragment sizes also agree with this observation.
3.4 Comparison of different sample rinsing regimes

3.4.1 Effect of varying rinsing volume

After the incubation period, the mica surface is usually rinsed with pure water
to remove any remaining buffer salts or weakly bound DNA. Ideally this process
should leave a clean surface with homogeneously dispersed molecules. The
rinsing process was investigated in further detail to observe the effect of the
volume of rinse used on the DNA surface concentration seen under AFM. In the
beginning samples were prepared in the same way: 10 pl of DNA solution was
added and allowed to incubate for 3 minutes. The final rinse was performed

using a P1000 Gilson pipette to provide a stream of milliQ water. Using this
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method, either a single stream of 1 ml of water, or three separate streams
making a total rinsing volume of 3 ml was used to rinse the surface. A series of
images were taken of both the 800 bp linear fragment, and the much longer 4.2

kbp linearised plasmid (Figure 3-12 and Figure 3-13).

(@) 1 ml rinse (b) 3 ml rinse

Figure 3-12. Comparison of different rinsing volumes for 800 bp fragments. There is a
significant difference between the surface concentrations for the different volumes. This

suggests that the DNA is weakly bound and is easily washed off by water.

(@1 ml rinse

Figure 3-13. Comparison of different rinsing volumes for the linear plasmid fragments.
There is less of a difference between the two different methods, indicating that it is

harder to remove the molecules from the surface.

Looking at the figures above, it seems clear that with more rinses there are
fewer molecules on the surface. To make this outcome quantitative a number of
different areas were imaged for each case. For the 800 bp fragment, the average

number of molecules in a 3 um? area was 52 for a 1 ml rinse and 15 for a 3 ml
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rinse. When three rinses are performed instead of one, there are roughly only a
third of the molecules that were previously seen. This suggests a linear
dependence between rinsing volume and DNA surface density for these small

molecules.

For the much longer 4.2 kbp fragments, the differences are much less marked:
for a 1 ml rinse an average of 16 molecules were seen, while for a 3 ml rinse 12
molecules were observed. It appears that the larger fragments are more
strongly bound to the surface, and are less readily displaced off the surface by
rinsing. This could be related to the energy cost of breaking the interactions
between the DNA, mica and their respective counter-ions. If we consider the
mica surface as a lattice of charges [147], and that DNA is bound by counter-
ions lying in cavities on the surface, there will be many more points-of-contact
for the larger fragment than the smaller. These contacts provide an adhesion
force, which is ultimately electrostatic in origin, against the flow of water.
Larger molecules remain bound as many more interactions must be broken to
cause the molecule to detach from the surface. In terms of AFM studies of DNA-
protein complexes, extensive washing has been seen to reduce the number of
RNAP-05* complexes specifically bound to DNA, which was attributed to sliding

of the holoenzyme along the template during the rinsing process [179].

3.4.2 Washing with alcohol

Once it appeared that rinsing with too much water can displace weakly-bound
molecules of DNA, another washing strategy was attempted. Solutions
containing alcohol (usually ethanol or isopropanol) are routinely used to
extract DNA for molecular biology studies [176]. The addition of alcohol makes
the solution more hydrophobic, by lowering the dielectric constant of the
solution, thus reducing the solvating power of the solvent (water) [200]. The
reduction of the solubility of the nucleic acid causes a white precipitate to form.
The precipitate can be separated from solution by centrifugation, before the

pellet is dried and re-suspended in the desired buffer.
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The aim here was to see whether the use of alcohol would be beneficial in AFM
sample preparation, and was used with the hope of trying to get a cleaner
surface with fewer impurities bound to the mica. An experiment was performed
whereby 10 pl of open circular plasmid DNA solution (50 fmol) was incubated
on mica for 3 minutes, before 1 ml of 50 % isopropanol was used to rinse the
surface. The sample was then dried in a weak flux of nitrogen gas. Also, when
rinsing with water it may be possible for DNA molecules previously bound to
the surface to be dissolved back into solution. Rinsing with an alcohol should
prevent this from occurring by preventing surface bound DNA from dissolving

back into the bulk solution. .

L .

(a) H,0 Rinse | (b)1soP'Rinse .. -| (c)isoP Ririse
e s -

Figure 3-14. Comparison between a conventional rinse with milliQ water, and with
isopropanol. (a) The molecules take up a relaxed, surface-equilibrated shape. (b) and (c)
Two separate examples of isopropanol rinsing. The alcohol causes the plasmid to have a
polygonal conformation, with localised kinking and/or DNA condensation. This is likely

an effect of DNA hydration.

Figure 3-14b and c shows the results of two separate preparations, in which the
substrate was rinsed with isopropanol. The plasmids show very different
conformations from a sample prepared in the conventional manner (Figure
3-14a). In contrast with the curved semi-flexible nature of the plasmid in the
conventional preparation, the DNA chain has a much more angular shape after
alcohol rinsing. The molecules appear limited in their conformational freedom,
and lack any significant smooth bending, indicating that the effective
persistence length of the molecules may increase. Also apparent are a number
of molecules that have condensed significantly and no longer appear circular in

shape. A number of aggregates have also formed, some containing as many as
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five molecules, reflecting increased DNA-DNA interaction in alcoholic

environments.

Lang et al. subjected bacteriophage DNA to various concentrations of ethanol,
and visualised the molecules with electron microscopy [112]. At high ethanol
concentration he observed polygonal meshes of DNA fibers. The fibers between
nodes were straight (similar to observed in the plasmids here), and was
attributed to the fact that the molecules were subjected to contractive stress
during the adsorption to the imaging substrate. Also found in Lang’s study were
very condensed structures of DNA, caused by coiling of the DNA helix upon
itself, which was a result of dehydration by the ethanol [112]. This dehydration
is likely to cause the DNA to convert from B-form to A-form DNA.

Another experiment was carried out to further investigate how alcohol affected
plasmid molecules. Samples that had been previously prepared in the
conventional manner (using milliQ to rinse the surface) were used. Imaging
under AFM showed that these molecules were circular rings of DNA (plasmids).
The same sample was then submerged under 50 % isopropanol for 10 s and
dried in a weak flux of nitrogen gas. Re-imaging showed that the plasmid
molecules had been broken after exposure to the alcohol (see Figure 3-15). The
breakage of the chain is caused by contractive stress, and supports a B- to A-
form DNA transition. One can still observe the general outline where a circular
molecule would have been before, but in its place are a series of different sized
linear fragments. This shows that alcohol appears to induce stress into the
molecule, and is enough to break certain sections of the DNA backbone. This is
a consequence of the interplay between the DNA interaction with mica, and the

helix contraction.
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(a) Conventional prep. (b) After exposure to alcohol

Figure 3-15. Effect of alcohol on a conventionally made sample. Exposure of alcohol leads
to the severing of the DNA backbone at a number of places. This is likely a consequence

of dehydration and associated B-form to A-form transition of the DNA.

Once it became clear that the isopropanol rinse led to undesirable results,
another approach was taken involving the use of ethanol. It appeared that the
flow of alcohol across the sample may have been too harsh a process, having a
dehydrating effect in the molecule. In the new case, after incubation with DNA
solution, the sample was submerged under a small amount of ethanol for 10 s,
before it was then dried in a weak flux of gas. Figure 3-16 shows a series of
images of 800 bp linear DNA taken after the sample was subjected to various
strengths of ethanol. At low to medium alcohol concentrations (20-60 %) the
DNA appears well separated and relaxed, not too dissimilar to the morphology
seen in the absence of ethanol (0%). At 80 % concentration the DNA begins to
appear more angular. Finally, after exposure to a highly concentrated ethanol
solution, the DNA takes up a range of complex structures, such as toroids,
polygons and aggregates. Also observed were large flower shaped multi-
molecular complexes containing tens of molecules (Figure 3-17). It does not
appear that the use of alcohol for washing has increased the overall number

density of DNA bound to the surface.
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Figure 3-16. Series of images of samples prepared by washing the mica surface with
adsorbed DNA with different strengths of ethanol. At low to medium concentrations (20-
60 %) the surface appears similar to the conventional sample prep (0%). As the
percentage is increased further (80-100 %) the conformation of the DNA begins to
change. At 100 % ethanol condensed and toroidal structures can be observed. Scale is

5um x 5 pum

On hydrophilic surfaces, such as mica, thin water layers exist that more than
likely allow surface-bound molecules to retain a degree of hydration. Accurate
AFM measurements of the DNA contour length have shown that the chain exists
as a mixture of B-form and A-form DNA [68, 69, 165, 173]. Fang et al. also
studied the effect of ethanol on DNA confined on mica [68]. In their study,
contour length measurements showed a transition from all B-form at 0 %
ethanol to completely A-form at 30 % ethanol. It seems that alcohol acts to
dehydrate the DNA and change its structure. At higher ethanol concentrations
they observed increasingly looped and complex structures, such as toroids and

large aggregates.
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Figure 3-17. Occasionally, after washing the sample with highly concentrated ethanol
solutions, complex structures were observed. This flower shaped aggregate contains tens

of molecules.

Fang et al also found that the persistence length of the DNA decreased with
ethanol concentration [68], meaning the stiffness of the molecule was also
decreased. Increased bending of the chain could account for some of the
complex structures seen is this study. It has also been shown that alcohol can
lead to an increase in DNA supercoiling [112, 200]. Previous studies have
shown that water acts to stabilise the DNA double helix. On the other hand
alcohol has been seen to have a dehydrating effect DNA, removing water from
the molecule and destabilising the double helix [67, 90]. This destabilisation,,
coupled with the fact that the counterions present in the deposition buffer are
able to screen the negative charge of the DNA backbone, could allow the DNA

more freedom to form more complex structures.

It has been shown that a relatively low concentration of ethanol (~30 %) is
needed to cause DNA on mica to take up an entirely A-form [44]. It appears that
the mica substrate helps to facilitate this change, as in solution the B-A
transition occurs at 70-80 % ethanol transition [98]. B-DNA is the hydrated
form of DNA, and the structure most commonly found in vivo. As a result it is
best to study biological processes such as transcription using hydrated AFM
samples, in order to get as similar to physiological conditions as possible. The
use of alcohol in preparation, and the associated B-A transition that this brings

could introduce anomalies into any results. In addition to this the alcohol
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rinsing gave no noticeable benefits to the conventional preparations, in terms of

increased DNA surface density, or cleanliness.

3.4.3 Drying Investigation

The final step of sample preparation involves drying the substrate in a weak
flux of gas, usually nitrogen or argon. This removes the liquid layer leaving
surface-bound DNA. An experiment was performed to investigate the effect
that the drying step has on how DNA appears under AFM. The aim was to dry
the surface from different directions, and then assess whether this influenced
the molecular conformation seen under AFM. This involved the use of a mica
disc that was marked on its underside with a cross (see schematic in Figure
3-18), and allowed the drying direction to be varied in a controlled way. A drop
of 800 bp DNA (30 fmol) in deposition buffer was deposited onto the surface
and left to incubate for 3 minutes, after which the surface was rinsed in 1 ml of
milliQ water. Following this, the substrate was dried in one of three different
directions: in the plane of the disc from left to right or up to down, or from
directly above the surface until there was no visible liquid left. Drying was
performed at 1 bar of pressure. Figure 3-18 shows a pictorial representation of
how the disc was dried and representative images associated with each method.
On first sight there does not appear to be any overriding differences between

each image.

88



Chapter 3 AFM of DNA on mica

1. Left to right 2. Up to down 3. Directly Above

i

R
L/

P
N

0.5 pm

Figure 3-18. Diagram showing each mode of drying. In two methods, the flow was in the
plane of the disc, but in different directions. In the third case drying was performed from
directly above the disc. There is an accompanying image for each direction, showing the

surface after drying under AFM.

To investigate the drying effect more qualitatively a classification scheme was
used, in which each molecule was classified as belonging to one of three specific
classes denoted by its predominant conformation. Figure 3-19 shows software
zooms of three molecules to illustrate the different groupings. The first
molecule lies with its backbone predominantly in the vertical axis, the second is
horizontally aligned, and the third takes up an irregular curved conformation. A
series of images were taken for each drying direction, and a tally of the
occurrence of each shape of molecule was taken. Between 200 and 300

molecules were classified for each drying direction.
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Figure 3-19. Software zooms of individual 800 bp molecules used to illustrate
classification scheme used. (1) Molecule lies predominantly in the vertical direction. (2)
Molecule lies predominantly in the horizontal direction. (3) Molecule is irregular. Scale

bars are 100 nm.

Figure 3-20 shows a plot of the fraction of molecules taking up each particular
conformation for each of the drying directions, with the results for horizontal
conformation in green, vertical in red, and irregular in blue. The results when
drying in the plane of the disc are almost identical. If the flow of gas were to
have a combing effect on the molecules one might expect there to be a trend for
vertical molecules when the flow of gas went down the disc, and the opposite to
be true when drying was done across the disc, with a greater number of
horizontally-aligned molecules being observed. However, this does not appear

to be the case here.

In general there are similarities between the results for each direction of drying,
with more vertically aligned molecules than horizontal being observed. A
statistical t-test was performed to study whether these differences were
significant. The t value returned was 6.71 with an associated p value of 0.03,
whilst the value of t required for rejection of the null hypothesis was 2.35. This
means that there is a statistically significant difference between the two values,
and points to there being a definite effect causing the DNA to take up a
preferential orientation on the surface. This effect may be related to the
hexagonal crystal lattice structure of mica. This may mean that the DNA with its
associated counterions may preferentially bind in one particular orientation on
the surface over another direction orthogonal to this. [t may be easier for the
ions to sit in the mica lattice sites in one position. However, the orientation of
the mica crystal is not known in these experiments, so it is difficult to determine

the directionality.
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There are also fewer irregular molecules than ones with a predominant
direction. This may have been down to the use of relatively short 800 bp DNA
strands, as they will have a limited range over the conformations they can
adopt. In the case where the disc was dried from above slightly more irregular
molecules were seen, and could have been a consequence of this mode of

drying. However, the differences are again relatively slight.
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Figure 3-20. Graph showing the fraction of molecules adopting a particular orientation
for each drying method. Drying direction does not appear to influence the conformation

that the DNA takes up.

It may be possible to displace molecules from the surface if the drying process is
too hard. To investigate the possibility of this, the total number of molecules in a
number of scans was counted for each drying method. This value was then
normalised to give the average number of molecules in a 1 um? area. The results
are plotted in Figure 3-21. Within errors the number density for drying in the
plane of the disc is quite similar, irrespective of the direction. The number
density decreases when drying was carried out from above the disc, and could
be a result of molecular transport towards the outer edge of the disc. The
images used here were typically taken around the centre of the disc. The force

of gas hitting the centre of the disc may have created a wave of fluid, which
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could have carried molecules towards the edges of the disc, and explained the
lower number density in the central region. However, it is also possible that

these differences are caused by simple sample variability.
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Figure 3-21. Graph showing number density of DNA molecules on the mica surface for
the different drying directions. Drying in the same plane as the disc leads to similar

results, while drying from directly above leads to a reduction in surface density.

Previous AFM studies have shown that DNA can be straightened and stretched
out significantly, having a contour length much greater than expected [116,
198]. This was attributed to flow forces being exerted on the DNA during
sample preparation. A major problem when imaging long strands of DNA with
AFM is their tendency to become tangled on the surface. One method for
aligning long DNA molecules on a surface uses the flow force generated by
meniscus motion, otherwise known as molecular combing. Li et al. used gas
flow to drive forward a drop of DNA solution on a bare mica surface [115]. By
carefully controlling the direction of the flow and the speed of the moving
interface they were able to align long DNA fragments on the surface. Our results
show that the general drying process used in AFM sample preparation does not
appear to affect the conformation of DNA. However, the fragments used in our
measurements are much smaller than those used in the molecular combing
experiment. It appears that the DNA-mica interactions are sufficiently strong to

prevent re-aligning of the molecules studied here on the timescale of normal
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drying, and the DNA molecules are trapped in a form that represents their

conformation prior to drying.

3.5 Effect of surface treatment

In order to image DNA with AFM it is important that the molecule is strongly
bound to the imaging substrate, such that the motion of the tip does not
displace the molecules. Mica has a atomically flat, layered structure making this
material extremely useful for use as an imaging substrate. This does pose a
problem for effective DNA adsorption, as both mica and nucleic acids are
negatively charged. However, the mica surface can be treated with solutions
containing divalent cations. The cations reduce the mutual repulsion between
DNA and mica, and give rise to a correlation force which brings the two
materials into contact. Recent studies have shown that the binding of DNA to
mica is strongly influenced by the absolute and relative amounts of monovalent
and divalent cations [152, 153, 167, 194]. We investigated two different
methods of DNA binding, both utilising divalent cations. The first method used
Mg(II) ions in the imaging buffer as described earlier, and the second used the
same buffer but with prior treatment of the substrate with Ni(II) ions. This was
achieved by depositing 30 pl of 2 mM NiCl; onto the substrate. After a period of
10 minutes the disc was rinsed and dried, and a DNA solution containing open-

circular plasmids was deposited onto the surface as normal.

The varying protocols for sample preparation were seen to lead to differing
molecular conformations (see Figure 3-22 for an example of imaging plasmids
with both methods). Samples prepared only with Mg(II) in solution for binding
took a much more open conformation and the molecules appeared to be spread
out onto the surface. In contrast, the conformations of molecules seen using the
same Mg(II) containing buffer, but with the additional Ni(Il) preparation step
are much more condensed on the surface. Each DNA chain crosses over itself a
number of times. The variations in conformations between samples that were
prepared with and without Ni(II) pre-treatment can be explained in terms of

the differing adsorption strengths of DNA to the mica for each interaction. It
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has been shown that strongly adsorbed molecules tend to be highly entangled,
while loosely bound molecules appear more extended with few crossovers

[154].
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Figure 3-22. The two different sample preparations. (a) MgCl; prep. (b) Mg(II) with extra
NiCl; prep. The differing binding mechanisms affect the molecular conformation of the
DNA. When Mg(II) alone is used molecules take up an open, spread-out shape. DNA that
is prepared with Ni(II) treatment contains a number of crossovers, despite the fact that
this plasmid sample is relaxed open circular DNA. Software zooms of single molecules

help to display these major differences more clearly (Images are 800 nm x 500 nm).

3.5.1 Dependence of equilibration on deposition time

We decided to investigate qualitatively how the general imaging buffer used
(Tris-HCI (4 mM, pH 7.5) and 4 mM MgCl;) affects the DNA conformation on the
surface. The results above indicate that the use of Mg(II) in buffer to facilitate
binding leads to molecules that interact relatively weakly with the surface. As
such they are able to retain some mobility on the surface, and relax outwards to
form relatively extended shapes in 2D. To study the degree to which DNA can
diffuse laterally on the surface, samples were diluted into imaging buffer, and
deposited onto the surface with varying deposition times, from a couple of

seconds to 10 minutes. In this case two linear DNA fragments were
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investigated: a short 800 bp fragment and a longer 4.2 kbp fragment. DNA has

been shown to behave essentially as a negatively-charged polyelectrolyte with
worm-like chain statistical mechanics [79]. As such polymer chain statistics can
be used to study the type of binding. For linear DNA fragments the end-to-end
distances of the chains were measured using the Nanoscope software straight
line measurement tool and a value of the mean square distance calculated for
each deposition time. The experimental values were compared to theoretical
values for surface equilibrated molecules <R?>2p using the following formula

[167]:

L (3.1)
(R*) :4PL[1—2—P(1—32")J
2D L

where it was assumed that the persistence length (P) was equal to 53 nm [27],
and a base pair repeat of 0.33 nm was used to calculate the contour length (L).
This model assumes that DNA behaves as a worm-like chain polymer, and is

semi-flexible in nature with a defined persistence length.

Figure 3-23 shows experimentally measured values of mean square end-to-end
distance for the short (red points) and long (black points) DNA fragments,
prepared using increasing incubation times. Also marked on the plot are
theoretical values of end-to-end distance for an ideal surface equilibrated case.
These are shown as dashed lines of values 286,000 nm? for the 4.2 kbp
fragment and 35,360 nm? for the 800 bp sized fragment.
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Figure 3-23. Plot showing how the experimentally measured average square end-to-end
distance varies with deposition time for two differently sized fragments: 800 bp (red
points) and 4.2 kbp (black points). The points all appear close to the theoretical values

for surface-equilibrated molecules (dashed lines).

All the points for both samples lie relatively close to the theoretical values of
<R2> for surface equilibrated molecules. Values of <R2> for a kinetically trapped
case would be significantly lower, and allows us to confirm that samples
prepared with Mg(II) alone in buffer represent an ensemble of molecules in a
lowest energy conformation, existing in a 2-dimensional plane. At the
concentrations used incubation time does not influence the average final
conformation the molecules adopt. At even the longest length scale the entire
DNA backbone can be observed easily. Hence, surface equilibration may prove a

better mode of binding with which to study DNA-protein interactions.

If the molecules are weakly physisorbed, as is the case for surface equilibrated
molecules, we would expect some degree of lateral diffusion on the surface to
be possible prior to the sample being dried. Such diffusional motions are
observed when DNA is imaged under bulk fluid [123]. The deposition process
consists of two stages. Initially the molecules experience a long range

interaction towards the surface, and begin to diffuse towards the surface, as we

96



Chapter 3 AFM of DNA on mica

observed previously in studies into deposition kinetics. Once at the surface they

are free to equilibrate until drying captures them in a particular conformation.

In our experiments, the points of <RZ> remain fairly close to the theoretical
values. This is true for both short and long fragments. As such, there appears to
be no correlation between deposition time and the conformation the DNA takes
up on the surface. Even samples deposited for only a few seconds appear able to
equilibrate fully. We observed some variation especially for the longer
fragment, but these are likely down to simple sample variability. More

significantly we did not observe any time dependence in such fluctuations.

If we were to imagine a situation whereby a DNA molecule arrives at the surface
with a complex 3D conformation (as observed when a molecule is kinetically
trapped), then we would expect it to spread out over a period of time, as
different DNA segments repel each other, until it takes up a 2D equilibrated
conformation. As such, we might expect to see a small end-to-end distance at
very short deposition times, representing more of the molecules conformation
in solution, and for such measurements to subsequently rise over time until the
minimum energy conformation was reached. Additionally, we would expect
such a transition to occur over a longer time period for a longer DNA fragment

as it has a greater area to trace through in order to take up such conformations.

The observation that preparing DNA samples with a buffer containing Mg(II)
ions, at a similar concentration and temperature described here, leads to
surface equilibrated conformation is supported by work by Rivetti et al. [167].
However, when they imaged a 5994 bp DNA fragment, deposited with different
deposition times ranging from one to ten minutes, in all cases the measured
<R?> was larger than the theoretical values. Additionally the measured
experimental values of end-to-end distance were observed to increase over
time, leading them to suggest that the equilibration time for long polymers is of
the order of minutes. Shorter fragments were observed to equilibrate in less
than one minute. They suggested that excluded volume effects resulting from
interactions among different molecules, or among segments of the same

molecule (self-avoidance), becomes increasingly important for longer
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molecules, meaning that <R?> values are altered and the equilibration time

increased.

We observed the onset of equilibration behaviour much earlier than the
previous study, even with large fragments of the order of thousands of base
pairs. The fact that we did not observe a strong time dependence on molecular
conformation may mean that either the equilibration time is quicker than
previously observed, or that the molecule is able to take up an equilibrated
conformation in solution sometime before it actually binds to the surface. This
case is supported by the work of Sushko et al [194]. They present a simple
model for the adsorption of DNA onto mica, in which if the adsorption of the
molecule is governed by a long-range attraction; as soon as the DNA
experiences such a force then the segments of the molecule will gradually adjust
their positions to adopt the same equilibrium distance to the surface. Hence, by
the time the molecule touches the surface it has already adopted a 2D
conformation. The relaxation time of the molecule once it makes contact with

the surface may also be fast at all DNA length scales.

They did also say that the longer the molecule, the slower this process would be
as the molecule has a large number of degrees of freedom and complicated
excluded volume effects [194]. If the deposition time is too short then the
molecule would only be partially adsorbed to the surface with the rest of the
molecule “sticking” out and forming loops. It appears however that at the length
scales we investigated here that equilibration can be achieved for even the

shortest deposition times.

3.5.2 Effect of fragment length on deposition

Once it became apparent that surface deposition of DNA in a Mg(II) containing
buffer leads to an acceptable number of bound molecules in a surface
equilibrated conformation, we aimed to investigate further how pre-treatment
with Ni(II) affects molecular conformation. In particular, we aim to study the

other extreme of DNA binding, namely kinetic trapping.
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In addition we aimed to investigate any possible length dependencies of the
DNA binding mechanism, by utilising different divalent cations to achieve the
two extremes of binding: surface equilibration and kinetic trapping. Our goal
was to see whether a small DNA fragment experiences a similar interaction with
the surface as a larger fragment, and whether it could tell us anything about
how the divalent cations help form complexes with the surface. To this end we
utilised a range of different sized linear DNA fragments, some prepared by PCR
and others obtained through direct enzymatic digestion of plasmid DNA. The
fragments ranged in size from quite small 200 bp fragments to much larger 4.2
kbp sized samples. All samples were linear, and diluted into standard imaging

buffer (Tris-HCl (4 mM, pH 7.5) and 4 mM MgCl).

This study called for each sample to be examined with and without pre-
treatment of the mica substrate with Ni(II) ions. This pre-treatment was carried
out by transferring 30 ul of 2 mM NiCl; onto the surface. A period of 15 minutes
elapsed before the surface was rinsed with milliQ water to remove residual

buffer salts, and dried with a weak flux of nitrogen gas.

All samples were prepared in an identical way for AFM. DNA samples were
prepared for AFM by depositing 10 pl of 30 fmol DNA solution onto freshly
cleaved muscovite mica and incubating for 3 minutes at room temperature. This
incubation time should be sufficient enough for the DNA to take up its favoured
conformation on the surface. After this, the samples were rinsed in milliQ water,

before being dried in a weak flux of nitrogen gas.

Two different methods were used to attempt to bind DNA to mica substrates:
(1) Mg(II) ions were included in the incubation buffer from which DNA was
deposited on to otherwise untreated (“bare”) mica; (2) pre-treatment of the
mica with a Ni(II) solution followed by incubation in Mg(II) containing buffer as
described above. The former method results in the appearance of DNA
molecules with characteristic conformations related to surface equilibration in
the 2D plane of the mica, while the latter method is expected to result in

kinetically-trapped molecules. [153, 167]. Each fragment size was prepared

99



Chapter 3 AFM of DNA on mica

with and without Ni(II) pre-treatment and a number of scans were taken of

each case.

Qualitatively the two protocols for sample preparation led to differing
molecular conformations. These were similar to the plasmids imaged
previously (Figure 3-22). Samples prepared with Mg(II) in solution took a much
more spread-out conformation. In contrast, the conformations of molecules
seen after NI(II) preparation were much more condensed and occupy a smaller
area. Especially evident for the longest DNA fragments are that each DNA chain
crosses over itself a number of times. Figure 3-24 shows typical images for each

fragment, with binding facilitated by both cations.
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(a) Mg(ll) only (b) + Ni(Il) mica
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Figure 3-24. Typical AFM images of each fragment prepared with (a) Mg(II) only on the
left-hand side, and (b) additional Ni(II) pre-treatment of mica on the right-hand side.
Each image is 3 pm x 3 pm. An example of each length at each preparation method is

shown in the inset of each image.
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To get a more accurate picture of the binding mechanisms at play end-to-end
distances measurements were taken. Polymer chain statistics can help to
elucidate how the DNA conformation relates to how the molecule binds to the
surface. Rivetti demonstrated that the average square end-to-end distance for
each binding mechanism obeys different statistical models, and has a typical
value for a given fragment size (given by Equation 3.1 for the surface
equilibration case) [167]. In this case we also aim to investigate whether
kinetic trapping of molecules occurs. In which case the average square end-to-

end distance is given by,

P L (3.2)
<R2>3D = 2PL(1 - (1-e’ )]

On average, one would expect a fragment that has a certain degree of mobility,
as in the surface equilibrated case, to have a larger end-to-end distance on
average than a molecule that is pinned at one pointand unable to diffuse

laterally, as occurs during kinetic trapping.

Table 3-1 and Table 3-2 shows the average end-to-end square distances for
each fragment prepared via the two different binding mechanisms, together
with theoretical values relating to surface equilibrated and kinetically trapped
binding cases. Immediately it is noticeable how much smaller the value is for
the Ni(Il) pre-treated samples as opposed to those bound to bare mica. This
demonstrates the stronger attractive forces that Ni(II) pre-treatment provides.
When looking at the experimental values it becomes clear that for the DNA
prepared with Mg(Il) alone there is a general agreement with the theoretical
values for DNA of the same lengths, which are surface equilibrated. These are
plotted in Figure 3-25, together with a curve representing the theoretical case
of surface equilibration. The value for the largest fragment is slightly high, but
still within one standard deviation of the theoretical value. The discrepancy was
most likely caused by this large fragment exhibiting the greatest variation in

end-to-end distance, a variation that is magnified when the value is squared.
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Table 3-1 Experimental values of the mean square end-to-end distance for samples
prepared using Mg(II) only. These are compared to the theoretical case of surface

equilibrated molecules.

Fragment <R2> <RZ>3p Standard error n
Size (bp) Experimental: Equilibrated (nm?)
Mg(1I) only (nm?) theoretical (nm?)

200 3,050 3,577 60 186
400 11,200 11,981 300 150
600 23,000 22,975 700 130
800 36,000 35,358 1,000 200
1149 55,000 58,608 2,000 219
4300 310,000 278,356 20,000 215
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Figure 3-25. Experimental values of square end-to-end distances (points) of samples
prepared with Mg(II) alone, plotted with a curve of the theoretical values for surface
equilibration. The inset shows a close-up of the region from 0-1000 bp where most of the

measurements were clustered, and the curve displayed the greatest rate of change.
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Figure 3-26 shows the end-to-end squared values of samples prepared with
Ni(Il) pre-treatment of mica plotted with a binding curve representing the
theoretical values of kinetically trapped molecules. For the samples prepared
with Ni(II), the larger fragments show very good agreement with the theoretical
values typical of kinetically-trapping mediated binding. However, below 600 bp
the measured values show significant deviation from the theoretical case. The
inset of Figure 3-26 shows a closer view of the measurements for the smaller
fragment sizes, where the deviations from the theoretical case are observed.
The discrepancies between experimental and theoretical cases actually increase
as the fragment under investigation becomes smaller. For example, the 400 bp
displayed a 0.25 fractional deviation from the expected value, whilst this value
increased to 0.45 for the 200 bp fragment. As the smallest fragments contained
the smallest spread of data this discrepancy is unlikely to have been caused by
natural sample variably, but rather points to a physical effect relating to the

mica surface and its associated counter-ions.
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Table 3-2. Experimental values of the mean square end-to-end distance for samples

prepared using an additional Ni(II) pre-treatment step. These are compared to the

theoretical case of kinetically-trapped molecules.

Fragment <R2?> <RZ>3p Standard error n
Size (bp) Experimental: Trapped (nm?)
+ Ni (II) (nm?) theoretical
(nm?)
200 3,640 1,997 60 195
400 7,900 5,893 300 202
600 11,200 10,336 600 195
800 15,000 14,936 700 240
1149 23,000 23,076 2,000 157
4300 96,000 99,431 10,500 74
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Figure 3-26. Experimental values of square end-to-end distances (points), of samples

prepared with Ni(II) pre-treatment of mica, plotted with a curve of the theoretical values

for kinetic trapping. The inset shows a close-up of the region from 0-1000 bp. Below a

fragment size of 800 bp the points begin to deviate from the expected values. The

magnitude of the difference increases toward smaller fragment size.
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3.5.3 Discussion

AFM images of identical fragments prepared with and without Ni(II) pre-
treatment of mica appeared qualitatively different. The differences between
each preparation method appeared more marked at higher fragment sizes,
when numerous chain crossings were observed under Ni(Il) treatment. The
variations in initial conformations between samples that were prepared using
Ni(I) pre-treatment and those that simply contained Mg(II) in the deposition
buffer, can be explained in terms of the differing adsorption strengths, a result
of separate adsorption interactions occurring. Strongly adsorbed molecules
tend to be highly entangled, while loosely bound molecules appear more

extended with few crossovers [154].

To explain these major differences in conformation between Mg(II) and Ni(II)
samples we must consider the mechanisms of binding. Effective binding of DNA
is shown to be possible only by introducing positively charged divalent ions into
the system [84, 197, 205]. The cations are able to form a diffuse atmosphere of
counter-ions close to a surface, which act to partially neutralise the negatively
charged phosphate backbone of the DNA, and the mica surface. Correlations
between the counter-ion clouds can lead to the situation where a net attraction
exists between the DNA and mica, promoting the adsorption of the molecule

[152,153].

It has also been shown that different cations allow for varying degrees of DNA
surface binding, with transition metal ions being the most effective [84]. In
particular, it appears that Ni(II) were among the best candidates among the
transition metal ions, and is effective at balancing the surface charge of the mica
and DNA surfaces [2, 189]. These factors act to increase the correlation force,
and bring the DNA together with mica. On the other hand Mg(II) ions tend to

bind non-specifically with DNA [59], leading to weaker interactions.

These interactions are eventually responsible for the conformation that the
molecule takes up on the surface. In the binding model of Sushko et al. [194] if

the adsorption of the molecule is governed by long-range forces, the molecules
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form a 2D conformation on the surface. The adsorption is due to non-specific
van der Waals interactions; the molecule remains relatively mobile and is not
restricted in its lateral movement. However, if short-range forces are
responsible for the adsorption the molecule adopts a projected 3D — 2D
conformation on the surface (kinetic-trapping). At distances shorter than the
Debye length, the short-range ion-correlation force is significant. Below this
length the DNA is able to “see” the negatively charged mica. In order for the
molecule to adopt a projected conformation, the surface-charge density of the
substrate should be high, so as to ensure significant attractive ion-correlation

forces.

We observed direct evidence for each interaction regime depending on the
preparation method. In the first case (Mg(Il)) a long-range weak interaction is
responsible. The DNA has time to attach to the surface and relax and spread-
out. In the second instance (Ni(Il)), a short-range interaction is responsible and
strongly pins the molecules to the surface. Once the molecules make contact
with the surface they are frozen in place, and as such the flat conformation on
the mica is a 2D projection of the molecules 3D configuration in solution. These
were confirmed by comparing experimentally measured values of the average
end-to-end distance with theoretical values for each extreme of surface binding.
The differences are easiest to observe for the longer fragments, and are shown

side-by-side in Figure 3-27.

Figure 3-27. Software zooms of two linear 4.2 kbp fragments prepared with (a) Mg(II)
only and (b) additional pre-treatment of mica with Ni(II). These demonstrate the
differences between surface equilibrated and kinetically trapped molecules. The former
takes up a spread-out conformation, whilst the latter is pinned at one location, and

contains numerous chain crossovers. Images are 800 nm x 800 nm.
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The fact that every <R?> point for samples prepared with Mg(II) in buffer line
up very well with the theoretical binding curve points to the fact that there is a
homogeneous distribution of magnesium ions on the surface and the DNA. As
such, all molecules behave similarly and the ensemble average of <R?> tends to
the theoretical value, representing surface equilibrated molecules. There is no
length dependence, and small fragments are able to equilibrate in an identical

way to large chains.

However, the situation changes somewhat with the additional step of Ni(II) pre-
treatment for mica. Here the points show an increasing deviation from an ideal
kinetically trapped case, below a certain DNA size threshold. This behavioural
change occurs somewhere between 800 bp and 600 bp, after which the DNA
exists in an intermediate conformation that is between kinetically trapped and
surface equilibrated. As this effect is dependent on chain length it appears to
suggest that there are certain inhomogeneities in the Ni(Il) treated surface, of

some characteristic size and related the structure of mica.

Mica is a silicate based mineral which has a layered structure. One of its main
characteristics is the perfect cleavage of the basal layers. The ability to cleave
mica means that it is perfect for use as an AFM substrate, providing a fresh
clean surface each time an experiment is to be performed. The layers in mica
are bound together through fairly weak interactions mediated by K(I) ions.
These are able to fit into small recesses in the mica surface. It has been
suggested that when the surface of mica becomes hydrated some K(I) ions can
be released into solution, leaving the surface negatively charged [150]. The
vacancies left behind by K(I) can be filled by ions of similar size, that are
present in the solution [84, 147]. In the case of surface pre-treatment attempted
here, this will be Ni(II) present in the NiClz solution. If all the vacant lattice sites
were able to be filled, one would expect to have a surface with a uniform surface
density of Ni(II). The cleaving of the top mica layer is expected to remove
roughly half of the K(I) ions on the uppermost cleaved layer, leaving the freshly
clean surface half occupied [139]. If these ions were able to remain held in their
sites once NiCl; is added to the surface, then the Ni(II) ions would only be able

to interact with sites that are unoccupied, in which case the surface would
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become an patchwork of the two different ions. The space between the Ni(II)
domains will be occupied by ions of K(I), H(I) or Mg(ll) in a dynamic
equilibrium, the exact composition of which is difficult to determine. This
composition, however, will be the same as that where the mica has not been

pre-treated with Ni(II).

A patchy mica surface could go some way to explaining the deviation from
perfectly kinetically trapped behaviour seen at small length scales. A reduction
in the Ni(II) ion density would reduce the effective charge of the surface,

diminishing the ion correlation forces that lead to kinetic trapping.

To only see such behaviour below a certain transition point in DNA length
would appear to suggest that any patches of ions would have to be relatively
small in size. As the change in ideal behaviour is seen below chain lengths of
roughly 267 nm (800 bp) then the size of such patches must be lower than this.
Additionally, the fact that the deviation from the expected values of <R2>
increases as the fragment size decreases, may suggest that the size of the Ni(II)
patches begins to approach that of the DNA chain length. If we imagine a simple
situation whereby half of the Ni(II) treated surface is occupied by divalent
cations and that they form a simple polka dot pattern, then a long molecule will
easily spread across a number of Ni(II) patches. A chain of intermediate length
may be partially on a Ni(II) site and partially on an unoccupied site. A very small
fragment of a size approaching that of the patches may be either directly over or
completely away from the divalent cation sites. See Figure 3-28 for a schematic

diagram explaining these effects.
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(a) Patchy mica surface

(b) After deposition 1
| |

Large fragment: fully Intermediate fragment: Small fragment: less chance
trapped partially trapped of being trapped

Figure 3-28. (a) Schematic diagram of an idealised possible structure of the ion-
exchanged mica surface, containing regions of K(I) and patches of Ni(II). (b)
Representations of how different DNA fragments may appear. Large fragments can bind
easily across more than one region of Ni(II), meaning they are fully trapped. As the
fragments become smaller there is less of the chance of a molecule interacting with a
Ni(II) region. As such, there are less fully trapped molecules and a corresponding

increase in end-to-end distance.

Due to the presence of Mg(Il) in the deposition buffers for both sample
preparation methods, it is expected that a molecule coming down on an area
entirely uninhabited by Ni(Il) ions would not experience the large attractive
force at a short-range from the surface, that is necessary for trapping. The
attraction would be of the weak, long-range kind that would lead to surface
equilibration once the molecule made contact with the surface. As such the end-

to-end distances would be greater than expected.

[t appears that for longer molecules, the cooperative effect of different segments
interacting with perhaps multiple Ni(II) patches is enough for the molecule to

be kinetically trapped. This is a consequence of the fact that the length scale of
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heterogeneity on the mica is very small compared to the molecular size. As the
molecule becomes smaller the chances of strongly interacting with a Ni(II)
patch, thus facilitating strong binding, becomes less likely. This is the most
likely explanation for the fractional deviation from the expected behaviour

increasing for smaller DNA fragments.

We propose that exchanging the freshly cleaved surface of K(I)-mica with
divalent transition metal ions leads to a patchy charged surface, where domains
of K(I) and the exchanging ion are present in phase separated domains. This is
based on the observation of the behaviour of DNA molecules in the AFM under
Mg(1I) containing buffer, absorbed to Ni-mica (i.e. muscovite mica pre-treated
with a NiCl, solution). As the length of the DNA decreases, the deviation away
from kinetic trapping towards conformations indicating 2D equilibration
becomes more marked, indicating that the hypothesis of an ion-exchanged mica

with localised patches of Ni(II) ions is a realistic one.

3.6 Conclusions

The work presented in this chapter centred on preparing high quality DNA
samples, by systematically studying the different aspects of AFM sample
preparation. A range of different DNA fragments were purified and used as test
samples. Samples were prepared for imaging using the sessile drop method and
the deposition and binding onto a mica substrate was investigated. During
which it was confirmed that the transport of molecules was governed by a

diffusion mechanism.

The excess DNA solution is rinsed off using water to minimise the amount of
salt precipitation on the mica surface. It was found that increasing the rinse
volume could displace weakly bound molecules from the surface. In practice, it
is impossible to eliminate all salt formation on the mica, therefore other ways of
cleaning away all salt and yet retaining the DNA are desirable. Since alcohols
precipitate DNA, we investigated of the effect of alcohol rinses in substitution
for a water rinse. Rinsing with alcohol at present gives no clear benefits, and at

higher concentrations led to the DNA taking up irregular structures. Such an
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approach, however, may be beneficial for high resolution imaging using low
concentration alcohol washes, where the conformation of the DNA is relatively

unaffected.

Samples are dried in a weak flux of nitrogen gas. The direction of drying relative
to the sample, was found to have no significant influence on molecular

conformation of the sample studied.

Mica was used as a substrate for the DNA, and was treated with a solution of
positive ions, typically Ni(II), thus allowing binding of the molecules from an
Mg(1I) rich solution. Non Ni(II) treated mica led to the surface equilibration of
DNA molecules. The chains spread out and adopted a minimum energy
conformation, making it easy to observe the entire length of molecule. This may
be more desirable than the surface treatment with nickel ions, which gave
kinetically trapped molecules with many crossings. This surface bound
morphology in kinetic trapping will make accurate determinations of protein
position on DNA templates more difficult. Additionally, for longer DNA
fragments, which are more prone to being sheared in solution and broken
down, it may be hard to confirm that the molecule is of the expected size, i.e. it
may be difficult to take contour length measurements if the molecule is severely

contorted.

Through the binding behaviour, and final conformations of DNA molecules on
mica surfaces it was suggested that muscovite mica ion-exchanged with
transition metal ions, such as Ni(ll), can be heterogeneous. The size of the
patches is on the nanoscale and influences the binding of the DNA at short

length scales (< 800bp).
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4 Humidity controlled AFM of DNA

4.1 Introduction

Imaging of biomolecular systems in vitro by atomic force microscopy (AFM) has
been on-going for almost two decades now. The success of imaging isolated,
weakly physisorbed molecules deposited on supporting surfaces (e.g. mica), has
been achieved routinely following the development of dynamic modes of AFM
[19, 21, 196, 220]. The intermittent contact of the AFM tip normal to the sample
surface effectively eliminates shearing interactions present in contact mode,
where the tip constantly tracks over the surface. Biomolecules such as DNA and
protein, can apparently withstand compressive forces more readily than
shearing interactions [221], which is not surprising for visco-elastic systems
with large water content. For structural studies of biomolecules, imaging is
often performed in air, where problems of molecular motion in liquid
conditions are obviated. On hydrophilic surfaces, such as mica, thin water layers
exist that allow surface-bound molecules to retain a degree of hydration [68,
165, 173]. Surface force apparatus measurements and AFM force
measurements demonstrate that the amount of water present on the surface is

correlated with the environmental humidity [17, 40, 42,93, 107, 122, 212].

Almost all biomolecular imaging in air has been performed under ambient
conditions of laboratory humidity, which is usually between 30 and 40 %
relative humidity (RH). Following the introduction of intermittent contact mode
AM AFM, AFM imaging in contact mode was largely abandoned. This was
despite reports that DNA could be reliably imaged in contact mode provided
that the capillary neck interaction was removed by using dry conditions [66,
199, 205]. However, even under these dry conditions, DNA contour length
measurements indicated that double-stranded (ds) DNA probably retained a B-

form unless the surface was also cooled [69]. It has also been established that
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capillary neck interactions may influence AM AFM measurements, depending
upon the AFM operational parameters, due to changes in the size of the
capillary neck [18, 19, 42, 122, 203, 212, 222]. The outcomes of varying the RH

while imaging biomolecular systems are largely unexplored to date.

In this chapter, we perform a systematic study on the effects of changing the
relative humidity in the imaging chamber of the AFM while scanning over
dsDNA physisorbed to mica. DNA on a mica surface behaves essentially as a
negatively-charged polyelectrolyte with worm-like chain statistical mechanics
[79]. Recent studies have shown that the binding of DNA to mica is strongly
influenced by the absolute and relative amounts of monovalent and divalent
cations [152, 153, 167, 194]. Here, we investigate cation mediated binding
further. A range of different DNA test samples were imaged using two methods
of binding (1. Using Mg(II) in buffer, 2. With additional Ni(Il) pretreatment),
with the aims of investigating the effect of imaging at high humidity in air

(Section 4.2).

4.2 Samples and preparation

A number of DNA fragments were used as test molecules to try to understand
the behaviour of double-stranded DNA (dsDNA) bound to mica under
conditions of varying environmental humidity. Four types of DNA molecules
were chosen to compare certain physical characteristics: (i) Length of linear
molecules. (ii) Effect of topology between linear and circular forms. (iii) Effect
of introducing strain (i.e. supercoiling) in circular forms. The samples used were
as follows: (1) Short Linear 800 bp (SL) (2) Long Linearised pBR322 (4.2 Kbp)
(LL) (3) Open circular pBR322 (4.2 Kbp) (OC) (4) Supercoiled pBR322 (4.2
Kbp) (SC). After purification, all DNA samples were diluted ten-fold into imaging
buffer containing 4 mM Tris-HCl (pH 7.5) and 4mM MgCl.

Two different methods were used to attempt to bind DNA to mica substrates:

(1) Mg(Il) ions were included in the incubation buffer from which DNA was
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deposited on to otherwise untreated (“bare”) mica; (2) pre-treatment of the
mica with a Ni(II) solution followed by incubation in Mg(II) containing buffer as
described previously. It is well-established that the former method results in
the appearance of DNA molecules with characteristic conformations related to
surface equilibration in the 2D plane of the mica, while the latter method is
expected to result in kinetically-trapped molecules, where the conformation on
the surface is more akin to a 2D projection of the 3D conformation in solution
[153, 167]. We demonstrated both extremes of binding previously in Chapter 3,
but in this section we would like to pay particular attention to how each
scenario responds to conditions of increased humidity.

Digital
hygrometer

Plastic
hood \

Beaker of
desiccant

or water T~

L — AFM

Figure 4-1. Experimental set-up used for controlled-humidity imaging. The AFM was
placed inside a hood to isolate it from the laboratory environment. The humidity was
raised and lowered by the addition of a beaker of water or desiccant respectively. The

humidity inside the hood was determined through the use a digital hygrometer.

The relative humidity was controlled by placing the AFM inside a low vacuum
plastic hood (Nalgene, Rochester, NY), allowing complete isolation from the
surrounding laboratory environment (Figure 4-1). Low humidity was achieved
by placing a beaker of desiccant (self-indicating silica gel) into the hood, while
high humidity was obtained by replacing the desiccant with a beaker of water.
To change the humidity in the chamber the volume and area of the water in one
or more beakers were altered accordingly. The experiments were conducted

while the RH was continuously rising or falling. During one image acquisition
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time the RH would not change by more than 1%. A digital hygrometer, inserted
into the plastic chamber, was used to measure the relative humidity and
temperature. The temperature remained constant in the chamber at 23.5 + 0.5
°C and the quoted instrumental error for RH was * 3% RH. Images were
obtained in series from low to high relative humidity. Care was taken to always
image the same area using the same scan and frame direction, in order to limit
the effects of instrumental drift. In between taking images, the cantilever was
withdrawn around 20 pm from the surface and the humidity was altered, and

left to reach a stable value before another image was taken.
4.3 Results

4.3.1 Linear fragments

First we will consider the effects of humidity on imaging the linear fragments. It
was possible to resolve complete molecules for both the long (4.2 kbp) (LL) and
short (800 bp) (SL) DNA fragments even when the humidity was close to 100 %
RH(see Figure 4-4 and Figure 4-6). This was true for both classes of sample
preparation (with and without Ni(Il)). In addition to this, image contrast
remained good throughout imaging, and no significant change in either height
or width of the molecules was observed during the image sequence (see Figure
4-2 and Figure 4-3). The average height of the dsDNA was 0.40 + 0.05 nm and
the average width 25.6 + 0.7 nm.

This height is smaller than the expected diameter of B-form DNA (2.0 nm) but it
is typical for AM AFM measurements in air [137]. The reasons behind this
underestimation by AFM at a single molecule level could be manifold including
sample deformation [29] and/or salt deposition [197], or a consequence of the
local probe-sample geometry[175]. Santos et al. modelled the tip-surface-
sample interaction and found that once the size of a feature becomes smaller
than the effective area of interaction between tip and sample, the AFM cannot
differentiate between interactions resulting from the substrate and those from
the sample. As a result height information is spread out laterally across the tip-

sample interaction area resulting in the loss of height for features of a nanoscale
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dimension such as DNA [175]. Large height losses occur even when there is no

sample deformation, and the true height cannot be obtained directly.

An increase in DNA width may have implied an increase in tip-force and
increased sample deformation, as observed in early contact mode AFM studies
of DNA at ambient humidity [205]. The absence of these effects at high RH,
coupled with the overall good resolution help to illustrate the benefits of AM
AFM over contact mode. In this case, it appears the effect of capillary forces is
diminished, a result of the reduced tip-sample contact time. The higher than
expected widths of DNA is a result of the fact that AFM tips are not infinitely
sharp, having a typical radius of curvature of around 10 nm, meaning that the
final image becomes a convolution of the actual surface topography and the
shape of the tip. The tip convolution effect depends on the geometry of the
objects imaged, and leads to the overestimation of the lateral dimensions of
three-dimensional objects. In this case the side wall of the tip interacts with
DNA first rather than the apex, after which the system acts to raise the height of
the tip to follow the topography, leading to a broadening of the feature. Both the

height and width of features may be improved by using sharper tips.
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Figure 4-2. Average DNA height versus relative humidity (RH) for individual double-
stranded long linear (LL) DNA helices lying against the mica surface (n=50 in each point).
There is no apparent correlation between measured height and the RH when imaging by

repulsive force regime AM AFM.
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Figure 4-3. Average DNA width versus relative humidity (RH) for individual double-
stranded long linear (LL) DNA helices lying against the mica surface (n=50 for each
point). There is no apparent correlation between measured width (full width at half-

height) and the RH when imaging by repulsive force regime AM AFM.

The varying protocols for sample preparation led to differing molecular
conformations. Linear DNA prepared only with Mg(II) in solution for binding
took a more open conformation and the molecules were equilibrated onto the
surface. In contrast, the conformations of molecules seen using the same Mg(1I)
containing buffer, but with the additional Ni(II) preparation step are much
more condensed on the surface. Especially prevalent for LL is that each DNA
chain crosses over itself a number of times (Figure 4-4b). These observations
were consistent with binding interactions according to the models of surface
equilibration and kinetic trapping respectively. For linear chains, it is possible
to ascertain how the molecule behaves during deposition by measuring the end-
to-end distances and comparing them to theoretical values for equilibrated
<R%>;p and trapped <R2Z>3p cases (see Table 4-1 for a summary of theoretical

and experimental values).

As expected the samples prepared with Mg(Il) alone had shorter end-to-end
distances. For the short linear (SL) fragment the mean square end-to-end
distance was 35,000 £+ 2000 nm?2, which compares well to the theoretical value

for surface equilibrated molecules (35,360 nm?). For the long linear (LL)
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molecule, it was 250,000 + 40,000 nm?, which, within errors, agrees with the
theoretical value for equilibration of 282,000 nm?. With regard to samples
prepared with additional Ni(II) treatment, where kinetic trapping is expected to
be the mechanism of binding, for the SL fragment the mean square end-to-end
distance was found to be 15,000 + 700 nm? and compares well with the
expected value of 14,936 nm?2 Additionally, the mean square end-to-end
distance was found to be 80,000 + 10,000 nm? for the LL fragment, and
compares well to the expected value of 94,000 nm? for kinetically trapped
molecules. As such, we can be confident that samples prepared with Mg(II)
alone are surface equilibrated, whilst those prepared with the additional Ni(II)
treatment are kinetically trapped. These values support the results of the

previous chapter.

Table 4-1 Comparison of theoretical values of average square end-to-end distances with
for each binding case, with experimental values for the two linear fragments. Samples
prepared with Mg(II) are equilibrated, whilst additional Ni(IlI) treatment leads to

trapping. Values are in nmz2.

Sample <Rz> <R2>;p <R2%> <R2>3p
Mg(I1) equilibrated +Ni(II) trapped
only mica
SL 35,000 35,360 15,000 14,936
2000 700
LL 250,000 + 282,000 80,000 * 94,000
40,000 10,000
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(a) Mg(ll) only (b) + Ni(ll) mica

20 % RH.

98 %RH -

Figure 4-4. Images of linearised plasmid (LL) at both low and high humidity of the same
region prepared with (a) Mg(II) alone and (b) Ni(II). No changes in conformation at high

relative humidity are observed in either case.

The larger 4.2 kbp fragment showed no variation in molecular conformation
when imaging was performed at increasing humidity. This was the case
irrespective of whether or not Ni(Il) treatment had been used (Figure 4-4).
Figure 4-5 depicts software zooms of LL molecules at low and high humidity to

facilitate comparison of molecular conformations.
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Figure 4-5. Software zooms of individual LL molecules, depicting molecules imaged from
low to high humidity on (a) Mg(II) only prepared samples, and (b) with additional Ni(II)

pre-treatment. No change in conformation is observed in each case.

However, for the SL 800 bp DNA fragment some different behaviour to the
larger fragment was observed (Figure 4-6). Samples prepared with Ni(Il)
displayed the same results as the longer linear(LL) fragment; with the
molecules remaining stationary, even at very high humidity. However, when the
small fragments were deposited using Mg(1l) in buffer only . a number of the
DNA fragments displayed molecular perturbations at high humidity; regions on
the molecules where local chain-chain interactions had occurred, leading to a
“condensed-state” (marked by arrows on Figure 4-7) were typical. As well as
this condensation behaviour, more wholesale changes were observed on many
molecules. Where large sections of a molecule have moved across the surface,
examples are circled in Figure 4-7. In addition to this many molecules also

appeared to be more “kinked”.
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(a) M%HJ only (b) + N/I(ﬂ) mica

Figure 4-6. Images of 800 bp linear fragment (SL) at both low and high humidity
prepared with (a) Mg(lI) and (b) Ni(II) pre-treatment. With Ni(II) treatment no
differences are seen between imaging at low humidity and high humidity. When the
sample is prepared using Mg(II) a number of molecules begin to change shape, adopting a
more condensed structure and/or movements in the position on the surface. A number of

these changes are indicated with arrows.

Re-arrangements that involved in-plane clockwise rotation of DNA segments
were approximately equal to those requiring an anticlockwise rotation
(nTotai=22). It appears, therefore, that the structural changes do not occur in a
preferred direction and are not influenced by the scan direction of the AFM tip.
For condensation effects, globular features appeared on either end of the

molecules in equal measure.
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Figure 4-7. Software zoom of an area depicted in Figure 4-6 taken at (a) low humidity ,

and one at (b) high humidity. Widespread changes in conformation can be observed. A
large proportion of molecules exhibit whole chain rearrangements (indicated by circles).
In addition to this, intra-chain condensation has occurred in a number of molecules
(indicated by arrows). This is typified by molecules curling up at the end of the chains

and the visualisation of globular structures.

Contour length measurements were performed on the SL fragment prepared
with Mg(II) only at both low and high humidity. At low humidity, the average
contour length was 255 + 1 nm (n=40), which corresponds to a base pair repeat
of 0.328 + 0.002 nm, consistent with B-form DNA. At high humidity, the
molecules were separated into two groups: (1) Molecules that had undergone a
conformational change, but that had not condensed. (2) Those that contained a
condensation effect. Molecules that underwent a simple conformation change
displayed a small reduction in contour length to 241 * 2 nm. We conclude that
this is due to a reduction of curvature of the molecule and increased kinking at
high humidity. Height measurements of molecules that appeared more kinked
at high humidity (n=20) were taken. At low RH the average height was 0.246 *
0.007 nm, while at high RH this increased to 0.31 + 0.01 nm. This may indicate
that the molecules may have partially detached from the surface. The
condensed molecules displayed a large reduction in contour length, to an
average of 190 * 5 nm, indicating that these represent the aftermath of whole

re-arrangements of the molecule.
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4.3.2 Circular Molecules

Second, we now consider what happens when a linear molecule is topologically
closed. Both the supercoiled (SC) and open circular (OC) components of plasmid
pBR322 were investigated. Once again, the circular plasmids were seen to adopt
different structures, depending on whether or not the Ni(Il) pre-treatment step
was performed (Figure 4-8). In the absence of Ni(II), both SC and OC plasmids
adopted a spread-out conformation, typical of surface equilibration. The
conformation of samples prepared with Ni(I) were quite different, being more
condensed with a number of cross-overs, indicative of kinetic trapping as the

mechanism for adsorption.

(a) Mg(ll) only (b) + Ni(ll) mica

o —~

98 % RH

Figure 4-8. Comparison of DNA imaging at low humidity (top) and high humidity
(bottom) for closed circular (SC) plasmid prepared with (a) Mg(II) only and (b) with
additional Ni(IlI) pretreatment. At high humidity the DNA begins to regain mobility and
local conformation changes can be observed. A number of these changes are indicated
with white arrows. Conformational changes were observed for both preparation

methods.
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When SC plasmids were used, a number of interesting effects were observed
when imaging at high humidity. Comparisons of the same imaging area at values
across the humidity range demonstrated marked differences in DNA molecular
conformation at increased humidity. This was true whether or not the mica
surface was pre-treated with Ni(Il) prior to sample deposition. Figure 4-8
shows a direct comparison between low and high humidity with and without
Ni(Il) pretreatment. White arrows highlight examples of conformational
changes, which were observed across the entire scan area. Software zooms
were performed on a number of exemplar molecules to further illustrate these
conformational changes in more detail (Figure 4-9). These images have been

colour-inverted to facilitate observation of the DNA chains.
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Figure 4-9. Software zooms of a number of SC DNA molecules depicted in Figure 4-8
showing the molecules imaged at low humidity (left) and high humidity (right) and
illustrating the molecular perturbations. Both Mg(II) only (a) and Ni(II) pre-treatment

(b) preparations are shown.
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Wholesale changes in shape across the entire molecule were not usually
evident; hence, we attribute these changes to DNA conformational changes and
localised chain movements. Local DNA-DNA intra-chain interactions
(condensation) were also evident but most noticeable were the large numbers
of points where the curvature of the DNA molecules became kinked. For the Ni-
mica sample, there are cases where the relative positions of different parts of

the molecules have completely shifted.

(a) Mg(/@ only (b) + N/I(!) mica

98 % RH

Figure 4-10. Images of relaxed (OC) plasmids at both low and high humidity prepared
with Mg(II) (a) on mica and (b) Ni-mica. In (a) no changes of conformation can be
observed, while in (b) small, localised conformational changes can be observed at high

humidity. A example of such a change is shown in the inset of each image.

Conversely a relaxed plasmid (OC), with no supercoiling in solution by virtue of
possessing a single nicked strand, prepared with Mg(Il) alone showed no
variation in conformation with increased relativity humidity (Figure 4-10a and
Figure 4-11a). This suggested that the local conformation changes and the

increased kinking seen for the SC plasmid samples at high humidity were
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topologically driven (Figure 4-9). On Ni-mica, small regions of the OC plasmid
were observed to move at high humidity (Figure 4-10b and Figure 4-10b).
These conformational changes associated with very high humidities were not as
pronounced as those seen for the supercoiled SC plasmids (e.g. compare Figure
4-9 with Figure 4-11) and typically involved a reduction in curvature of regions

of the DNA chain and again some localised kinking.

(a) Mg(II) only (b) + NI(II) mica
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Figure 4-11. Software zooms of relaxed (0OC) plasmids at both low and high humidity

A

prepared with (a) Mg(II) on mica and (b) Ni(II)-mica. In (a) no changes of conformation
can be observed, while in (b) small, localised conformational changes can be observed at
high humidity (indicated by arrows), a consequence of local strain introduced in the

molecules during the adsorption process.

4.3.3 Summary of results

Three DNA fragments from pBR322 plasmid and one linear 800 bp fragment
were used as test molecules to understand the behaviour of dsDNA bound to
mica under conditions of varying environmental humidity. Each sample was
imaged from conditions of low humidity to high humidity (see Figure 4-12 for
an example of a complete series). The binding mechanism of the DNA to the

mica surface was also tested, and its effect on the behaviour of the molecular
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motion investigated. The main discovery was that at very high RH (>90%)
molecular motion and conformational changes occurred on the mica surface for

some molecules under some binding conditions (e.g. see zooms in Figure 4-12).

34 % RH 51 % RH 71% RH

83 % RH 91 % RH

205um

Figure 4-12. Series of AM AFM images of supercoiled (SC) plasmid prepared with Mg(II)
on mica. The relative humidity (RH) is gradually increasing and shown in the top left of
each image. Only once a very high humidity is reached (~ 98 % RH) can the DNA
molecules gain some mobility and local conformation changes can be observed (see inset
for details on one molecule). Other examples of these changes are indicated with white

dITOwSs.

Table 4-2 summarises the DNA molecules and binding conditions used and
records whether or not any DNA conformational changes were observed at high
RH. For longer dsDNA molecules (4.2 kbp) with no supercoiling strain, no
backbone motion was seen on any length scale. Note this is valid for LL under
either preparation method and OC in the equilibrated binding situation. Where
short DNA fragments were used (800bp), then some molecular motion can
occur when the DNA is surface equilibrated but not when kinetically-trapped.
When supercoiled molecules are used, conformational changes can occur
regardless of the sample preparation method. In all cases, the changes seen are

local chain movements and not mass transport across the surface.
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Table 4-2. Summary of the occurrence of local conformational changes or local motion of
dsDNA molecules on mica at high RH (> 90%) from two sample preparation conditions. A
tick signifies that observable DNA backbone motions occurred at high humidity, while a
cross signifies that no conformational changes were seen at any humidity. More ticks

indicate that conformational changes are larger scale and more widespread across that

particular sample.
DNA \ Binding method = Mg(II) in solution Mg(II) + Ni(II) mica
(Equilibrated) (Trapped)

Linear 800bp (SL) v x
Linear plasmid pBR322 8 8
(LL)

. : x v
Open circular plasmid
pBR322 (0C)

v Vv

Closed circular plasmid
pBR322 (SC)

We observed conformational switching to occur in general at 95% RH or
above. The transition from one conformational state to the final one occurs
from one image to the next as the humidity is increased, the molecules being
completely stable before and afterwards. The conformational switch,
therefore, occurs on time-scales much faster than the image acquisition time
(~ 5 mins), and this change was seen to be irreversible even when the RH

was further increased or decreased again (See Figure 4-13).
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98 % RH , 47 % RH

30%RH  « = 0 . |11%RH

Figure 4-13. Series of AFM images showing the same region of a sample of closed circular
(SC) plasmid pBR322 prepared with Mg(II) on mica. The relative humidity (RH) is
gradually decreasing as shown in the top left of each image. No changes in DNA
conformation are observed once the changes at high humidity (~ 98 % RH) have
occurred. While the background image noise increases at lower RH, no changes in the

apparent dimensions of the DNA occur.

4.4 Discussion

4.4.1 Mica water layer

These results show that the imaging of samples in a controlled-humidity
environment can lead to irreversible conformational changes in the molecules
at sufficiently high RH. Subtle changes in the behaviour occur depending on
whether a binding mechanism is used that favours surface equilibration or
kinetic trapping [167]. To explain these results we must first consider how the
use of a mica substrate can influence the formation of surface water layers, and

hence the local environment directly surrounding the surface-bound DNA.

The drying step in the sample preparation protocol effectively provides a “snap-

shot” in time and leaves the DNA molecule immobilised on the surface. Previous
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work using techniques such as sum-frequency-generation (SFG) vibrational
spectroscopy, scanning polarisation force microscopy (SPFM) [136], and also
ellipsometry [17] give insights into the formation of water on mica surfaces.
SFG vibrational spectroscopy has revealed that there is incomplete water
coverage on mica below 90% RH, with an increase in ordering of the layer to
become a more ordered hydrogen-bonding network at 90% RH [136]. These
outcomes are largely in agreement with the ellipsometry measurements, which
yield sub-nanometer thicknesses up to about 95% RH [17]. The picture may
change somewhat when the AFM tip is introduced to the surface, because of
capillary condensation effects [40]. In the presence of the tip, water can
condense and/or migrate into the tip-sample junction increasing the local film

thickness [213], and possibly affecting the local water structure.

At very high humidity (> 97 % RH) multi-layer water films can form on mica
with a thickness greater than 1 nm in the absence of any capillary condensation
[136], as was also observed in the ellipsometry study by a large increase in the
thickness of the adsorbed film [17]. Interestingly, the humidity at which the
thickness of the water layer becomes comparable to the diameter of dsDNA is
about 97% RH. We observe conformational switching to occur in general at
95% RH or above. The presence of a fluid-like water layer, with sufficient

thickness, clearly allows surface bound molecules a degree of mobility.

During the acquisition of the series of images at different RH it was noticed that
a step in the background surface was often seen (black arrows Figure 4-14).
These steps are too large to be digitisation and too small to be steps in the mica
and moreover, the position of the steps changes from image to image and the
steps are often curved and/or ruffled in appearance. We surmise that these
steps are partial layers or droplets of water that are forming on the surface as
the RH increases. The heights of these steps are typically 0.2 nm consistent with
a water monolayer and analysis of a series of images suggests that the free

interface is moving at about 30-40 nm/min.
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50 % RH 1um 97 % RH<

Figure 4-14. On some images a step in the background was observed (black arrows). The
feature was seen to move when the same area was imaged over a period of time.
Measurements of the height of such features are comparable with that of a water
monolayer. These droplets appear to be localised in specific areas on the surface, but are

larger than the scan size leading to the straight features seen here.

The mechanisms that affect the initial conformation of the DNA on mica have
been explained in detail previously [153, 194]. At the low concentrations of salt
used, surface equilibration was observed in the absence of Ni(II) (Mg(II) only),
whilst when Ni(Il) pre-treatment of mica was used, the molecules appeared to
be kinetically-trapped based on the observed molecular conformation and end-
to-end distances of linear fragments. Mg(II)-only samples were spread-out and
contained few crossings, whereas on Ni-mica the DNA molecules contained
many crossings. In the case of linear DNA molecules, a smaller end-to-end
distance was also observed. This result is similar to previously reported
experimental studies [153, 194], and can be attributed to the degree of charge
of the mica surface. On a weakly charged surface, DNA adopts a 2D
conformation, whereas a highly charged surface will cause the molecules to be

projected.
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Figure 4-15. Schematic diagram of the lattice model of mica proposed by Pastre et al.

[153]. If the divalent cations are of a suitable size then they bind into sites on the surface.
Cations associated with the surface are shown as blue spheres, and those associated with
DNA are shown as pink diamonds. A net attraction exists when these ions take up a
staggered orientation. For movement of a DNA molecule, the electrostatic interactions
between the molecule and the mica surface must be broken, leaving the cation free to

move to another lattice site (indicated by arrows).

Pastre et al. modelled the DNA and mica surface as charged planes and
hypothesised that if their respective counterions were to adopt a staggered
configuration, they could be shared between the two surfaces [153]. Lateral
diffusion of DNA molecules on the mica surface is prevented by large frictional
forces, related to electrostatic interactions between DNA and mica. If we
consider the mica surface as a lattice of charges [147], for DNA segments to
move laterally divalent counterions condensed on the DNA must “jump” from
one staggered position to the next [154] (see Figure 4-15). For this to occur an

energy barrier must be overcome.

4.4.2 Linear Fragments

In our studies at high RH we begin to observe changes in conformation for the
800 bp fragments (SL) when Mg(II) alone was used for DNA binding. No such
changes were observed when Ni(Il) pre-treatment was used. Differences in
binding mechanisms will be an important contributing factor in explaining the
observed changes. As the liquid layer forms, DNA becomes more mobile,

straining the binding interactions between molecule and substrate. The
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conformational changes in the absence of Ni(Il) are thus related to the relative
strengths of binding of Mg(II) and Ni(II) into the mica cavities. In the presence
of Ni(II), the cations remain strongly bound in the original mica cavities and the
DNA is unable to move. However, Mg(II) ions did not remain irreversibly bound
with increasing RH, but are much more mobile and able to break free of the
cavities in the mica surface. The counter-ions associated with the DNA are thus
able to migrate to different lattice sites in the mica or to positions between
adjacent DNA strands. Where sufficient ionic translocations occur then the DNA

molecule would undergo a large-scale change in conformation (Figure 4-16a).

Moreover, in the same case a number of molecules were observed to “condense”
and form globular structures. We suggest that the DNA molecules curled up
because the divalent Mg(II) cations promote DNA condensation through
counter-ion correlations [24, 108]. It is an open question at present what role
the tip plays in this process, although as we have seen, the presence of the tip
may induce capillary condensation and increase the amount of water in the
vicinity of the AFM tip. Tip-induced folding of DNA has previously been
observed by AFM [94]. It appears that as a consequence of a thicker water layer,
the Mg(II) ions move away from interactions between DNA-mica to DNA-DNA
interactions. The condensation effect always occurred at one end of the
molecule, and therefore may be related to molecules which are not fully bound

to the mica surface at the time of sample drying.

134



Chapter 4 DNA and humidity
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Figure 4-16. Schematic representation of the behavior observed when surface
equilibrated linear fragments are imaged from low to high humidity. The DNA is
represented as a green rod, and counterions as blue spheres. To the right of each
schematic is a pictorial representation of what a typical molecule may look like under
AFM. (a) The small SL fragment has fewer interactions with the surface. These become
strained and can break at high RH (as depicted by red crosses), and the molecule can
partially break free of the surface. This leads to re-arrangements, in this case DNA
condensation. (b) The LL fragment has many more attachments to the surface. Even
conditions of high RH, the molecule remains tightly bound due to the cooperative nature
of the correlation force. Each interaction between a counterion is stabilised by many
more nearest-neighbor interactions. In this situation, no conformational changes are

observed.

No obvious molecular changes were observed for the longer LL fragment with
increasing RH, even up to an RH of 98 %, whether in the presence or absence of
Ni(I). We postulate that this is due to the cooperative nature of the binding
mechanism (i.e. counter-ion correlations). These results suggest that these
longer fragments are more strongly bound to the surface than the smaller
fragments. This could be related to the energy cost of breaking the interactions
between the DNA, mica and their respective counter-ions. Integrating over all
sites of contact for a longer molecule will give a larger interaction energy.
Considering the lattice model of mica, there will be many more points-of-
contact for the LL fragment than the SL (see Figure 4-16b). Movement of the
molecule requires ion translocation to other lattice sites in the mica. The
frictional cost to move many condensed cations appears too great, even on

loosely absorbed Mg(II) prepared samples.
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4.4.3 Circular molecules

Now we turn to the circular DNA molecules. Provided that drag is not
significant, linear molecules are able to relieve any stress imposed upon them
by rotating in space [143]. In the case of circular molecules however, which can
exist in various topological conformations, supercoiling can induce large
amounts of strain into the molecule [14]. The degree to which a circular DNA
molecule is supercoiled can be defined by the conserved linking number;
Ly = Tw+ Wy, where Ty is the twist and W; is the writhe (i.e. how the chain coils
in space). Strain energy can therefore be partitioned between helical twist and
writhe (i.e. global conformation), depending on the circumstances. Molecular
dynamics studies that have considered supercoiled DNA adsorption have
suggested that the surface can act to restrict the configurational freedom of the

DNA, altering structural properties such as twist and writhe [71, 204].

We observed the greatest occurrence and largest extents of conformational
changes for the supercoiled plasmid (SC). Supercoiled plasmids appeared to
temporarily regain mobility and switch from one stable conformation to
another, although no molecules became completely detached from the surface.
Some areas of the molecules were seen to open out while others appeared to
condense. These results are similar to conformational changes seen in other
AFM studies, when supercoiled DNA is imaged under bulk aqueous liquid [140,
223]. Unlike imaging in bulk liquid, the whole of the molecule can be clearly
resolved in humidity-controlled AFM without movements of segments away
from the surface. A prevalent effect is molecules becoming more kinked, which
may be a consequence of only localised detachment of segments from the
surface in between pinning points, where the binding interaction is the

strongest.

The supercoiled plasmid (SC) shows the largest changes in conformation when
bound to the Ni-mica, compared with the Mg(II) case. This is expected, since a
kinetically-trapped configuration is closer to the 3D solution form, whereas

surface equilibrated molecules collapse into 2D. It has been shown previously
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that supercoiled molecules in the surface equilibrated case can partition writhe
into local twist to relieve strain and adopt a 2D conformation [37]. In contrast,
we postulate that the 3D configuration allows large rotational motions of

sections of the DNA molecules to relieve supercoiling strain energy.

Individual molecules displayed differing responses to the increased humidity.
Some DNA loops opened out, while other areas were observed to condense.
These differences can be explained by considering local differences in surface
adhesion or high local tensions [223]. Nagami et al. postulated that along the
length of a supercoiled DNA molecule there might be sections that are more
strongly attached to the surface than others [140]. As the molecules begin to
gain mobility, loosely attached parts open up, causing supercoiling tension to
accumulate in other sections. The condensed counterions coupled with the high
tension might drive other sections of the chain towards a condensed state (see

Figure 4-17).

(a)Low RH (b)High RH
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Figure 4-17. Schematic representation of how SC molecules behave when imaged at high
RH. Different segments react differently depending on how strongly they are bound to
the surface [140]. Here a loop is depicted opening out. This event increases the tension in
neighboring segments, which are then driven towards a condensed state. Also shown is a
software zoom of a supercoiled plasmid under AFM. At high RH (b) the opening out of a
loop is indicated by a red asterix, whilst increased condensation is shown by a green

asterisk.

For the relaxed plasmid (OC), samples prepared using Mg(II) adopt a spread-

out conformation typical of surface equilibration. No deviation from this initial
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conformation was observed, even at very high RH. This again is thought to be
related to the large number of binding sites between the molecule and the
surface, meaning a large energy barrier must be overcome to detach segments
from the surface. Moreover, stress induction would not be an issue for the
relaxed sample by virtue of it having a single, nicked DNA strand. It is thus able
to relax onto the surface in 2D without any topological constraints. As such, as
the humidity increases, there is no strain built up to drive topological re-
arrangements, and the molecule remains irreversibly bound due to its many

interactions with the surface.

This situation changes, however, when the OC molecules are deposited on Ni-
mica. In this case, the relaxed plasmid adopts a kinetically-trapped
conformation, where certain segments of the molecule become pinned, while
the rest of the molecule collapses down on top of these points. This effectively
makes the molecule a 3D projected object, and means that there are pockets of
aqueous fluid underneath DNA chains that are stacked on top of each other,
giving rise to a weaker, longer range interaction between a DNA chain segment
at a higher level and the surface. More importantly perhaps, the binding
trajectory of the molecule onto Ni-mica will lead to configurational constraints
being imposed on the molecule. Kinetic trapping may induce stress into the
molecule, as it is made to cross over itself in order to fit into a smaller area on
the surface, a consequence of random initial attachment and pinning. As the
humidity increases, small movements are observed in a number of molecules
that could be caused by local variations in surface adhesion, or through the
molecule releasing strain, which had arisen in the adsorption procedure. No
movements were observed in the LL fragment, which also exhibited numerous
crossovers on Ni-mica, suggesting that topologically closing the fragment allows
strain to build up during binding. This is an example of a frustrated process,
where the molecule needs to compromise between internal strain energy and
surface binding energy. These perturbations ultimately arise due to the build-
up of stress in the open circular chain during deposition, again a topological

constraint which is subsequently released at high humidity. Note that the extent
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of the changes due to strain build up during surface binding are qualitatively

less than those induced by inherent supercoiling.

4.4.4 Differences between linear and circular fragments

It would appear that the conformational changes seen when imaging is
undertaken at high RH occur via two different mechanisms for the linear and
circular molecules, as evidenced by their different responses, both in terms of

overall motions and to the different preparation methods.

The linear molecules only display changes when the interaction of the DNA with
the surface is sufficiently weak, i.e. in short, surface equilibrated molecules
prepared with Mg(II) only. No changes were observed in kinetically trapped
DNA. Hence, the re-arrangements of the molecules are mediated by the strength
of the counter-ion correlation force, and the mobility of the divalent cations

used.

The circular molecules displayed differing behaviour as a response to the
increased water layer. Irrespective of the preparation method used, the
supercoiled fragments displayed topological re-arrangements, as did kinetically
trapped OC molecules. In fact, kinetically trapped molecules, hence more
strongly bound to the surface, displayed larger readjustments than equilibrated
molecules. This is the opposite of what is seen in the linear molecules. These
facts indicate that superhelical stress stored in the molecule prior to binding,
and the subsequent release of these constraints as the molecules regain some
freedom at high RH, is the underlying mechanism driving the irreversible

conformational changes observed here.

4.4.5 Possible use of humidity-controlled AFM in transcription studies

By using the techniques described here it should be possible to distinguish
between molecules that are supercoiled and those that are not, by observing an
associated conformational change when imaging at high RH. As such, the

method could be used to study the importance of DNA supercoiling in
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transcription regulation. To actively transcribe a gene a polymerase must track
the DNA’s helical pitch, rotating relative to the central axis of the chain
backbone. This motion is akin to screwing a nut on bolt. Liu and Wang proposed
that if the RNAP had a large transcript, and other ancillary proteins, such as a
ribosome, it would experience a significant amount of viscous drag, which
would hamper active elongation. In response to these observations, they
proposed the ‘twin-supercoiled domain model’, in which if DNA rotates relative
to RNAP then the advancing polymerase would generate positive supercoils in
the DNA template directly ahead of it, and negative supercoils behind [121]
(Figure 4-18a).

This would have no effect for transcription initiated on a linear template
originating from a single promoter, unless the template was constrained at both
ends. The molecule could simply rotate in space, thus dissipating any
superhelical tension. However, in the case of transcription originating from two
convergently aligned promoters, positive supercoils can be propagated if the
RNAP acts as a kind of “topological barrier”, preventing the dissipation of twist.
This could lead to the build-up of helical stress in the region between the
promoter sites, which could lead to stalling of any translocating RNAPs (Figure

4-18b).
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Figure 4-18. Models of supercoiling produced by elongating RNAP originally proposed by
Liu and Wang [121]. (a) A linear DNA molecule constrained at both ends. The active
transcription by a single RNAP leads to positive supercoils ahead of the enzyme, whilst
leaving negative supercoils in its wake. (b) Model of what might occur during convergent
transcription. The two RNAPs approaching each other could create a build-up of positive

supercoiling in the inter-polymerase space, which could affect the efficiency of

transcription.

The presence of a region of high tension, a consequence of convergent
transcription, could possibly be observed by imaging at high humidity. A
possible experiment could involve starting transcription elongation with a
subset of nucleotides. The RNAPs will stall on the first occurrence of the missing
base, at some point downstream of the promoter. The distance they travel may
be such so as to cause supercoiling to be propagated in the inter-polymerase
region. This could be verified by increasing the humidity to close to 100 % RH.
On the supercoiled plasmids examined here conformational changes seem to be
driven by the release of supercoiling strain. If the imaging of DNA-RNAP
complexes at high RH was accompanied by a corresponding conformational
change in the chain region between the proteins then it would confirm the
presence of positive supercoiling. The use of linear fragments of a certain size
may mean that some changes, such as those seen in the SL at high RH would
also occur, thus confusing interpretation of the results. However, these effects
could be negated by also using kinetically trapped samples. Ni(II) pre-treatment
stopped small linear fragments from moving, but still allowed re-arrangements

in supercoiled samples.
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4.5 Conclusions

In this study four model DNA fragments and two sample preparations were
compared; binding of DNA to untreated muscovite mica in the presence of
Mg(1I) and pre-treatment of mica with Ni(Il) ions (Ni-mica) prior to addition of
DNA in the presence of Mg(II). For long linear plasmid (pBR322) molecules, no
conformational changes were observed in either condition. For short linear
DNA fragments (800bp), the ends of molecules folded over at high RH when
only Mg(II) was present but not when Ni(IlI) pre-treatment had occurred. For
open-circular pBR322, very small local changes in the DNA backbone were seen
for Ni-mica but not for bare mica with Mg(II). For closed-circular pBR322, large
relative movements in the local backbone positions were observed at high RH in

both conditions, but most particularly on Ni-mica.
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Figure 4-19. Summary showing typical conformational changes in SC supercoiled DNA as
the humidity is increased, with a corresponding increase in the thickness of the surface
water layer. Topological rearrangements in the DNA are observed to induce DNA
condensation, Kkinking of the backbone, and changes in the backbone trajectory. A

number of these changes are highlighted with arrows.

It appears likely that the scanning of the tip does not induce the conformational
changes, as such changes are not observed across every sample. Rather, both
the presence and the extent of the movement were found to be dependent on

the molecule studied and the mode of binding.
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In summary, it is suggested that achieving very high humidities for AFM
imaging applications in air is not only possible, but is desirable in the case of
studying DNA structures and dynamics because it gives two possible
conformational states for a given topoisomer (see Figure 4-19). By imaging
under two extremes of surface binding states while varying the humidity in the
AFM, it should be possible to distinguish between different topoisomers,
enabling the AFM to characterise conformations of circular DNA including
catenanes and knots. Moreover it can alleviate problems associated with AFM
imaging under bulk liquid where modulating the binding interactions is
challenging and following DNA processes in situ inevitably leads to loss of
information about the DNA backbone positions during the experiment.
Humidity-controlled AFM imaging is a novel and desirable method for
investigating topological properties of DNA on surfaces and will assist
investigation of topology changes in DNA induced by DNA-dependent proteins

or other molecules.
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5 Study of transcription interference in DNA: E. Coli RNAP

complexes

5.1 Introduction

In this chapter we use AFM to probe the outcomes of transcription events on
linear DNA templates containing two promoters. It is possible for both
promoters to independently recruit RNAPs. Hence, there is the possibility for
two RNAPs to interfere with each other’s progress (a state of transcriptional
interference (TI). We investigated two distinct promoter arrangements on two
separate DNA fragments: pDSU which contained its promoters in a convergent

orientation, and pDSP which had its promoters in a tandem orientation.

AFM is particularly useful for obtaining direct structural information. By using
in vitro transcription reactions to form DNA-RNAP complexes that represent
different stages of the interaction, and depositing the resultant complexes onto
a mica substrate for AFM imaging in air, it became possible to study the
interplay between two RNAPs independently transcribing the same stretch of
DNA. By measuring the positions of RNAP on the template it is possible to
distinguish between different stages of the reaction by studying open promoter
complexes (OPCs), stalled elongation complexes (SECs) and collided complexes
(CCs). By studying distributions of the RNAPs positions on the template it
becomes possible to obtain a “snap-shot” of the collision event, and infer the
consequences of such an occurence. We observe that after interacting RNAPs in
both the tandem and convergent templates remained on the template, often in
close proximity to each other, a result that was indicative of RNAP stalling. We
also found that one RNAP can push another along the template, leading to a

situation of backtracking in the convergent configuration.
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5.2 Sample preparation

For studies into convergent transcription the plasmid pDSU (6136 bp) was used
(Figure 5-1). This plasmid contains two Apr promoters situated in a convergent
arrangement, and separated by 338 bp. The template does not contain a
terminator sequence, and so the chance of two RNAPs colliding with each other
is increased. The plasmid underwent enzymatic digestion by HindlIII for two
hours at 37 °C to produce a linear fragment 1149 bps in length and containing
both promoter sites, plus three other extraneous fragments. Gel electrophoresis
was performed to separate the components by virtue of their different
migration rates. The fragment of interest was visualised under UV light as a
discreet band, and subsequently excised from the gel and purified using the

QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), as per the manufacturers

instructions.
Hindlll - 1206 HindlIl - 1206
pDSU pDSP
6136 bp 6136 bp
Hindlll - 1770 Hindlll - 1770
Hindlll - 1895 Hindlll - 1895
<
Hindlll - 3045 HindlIl - 3045

Figure 5-1. pDSU and pDSP plasmid constructs. Both plasmids can be digested with Hind
III to produce linear templates (1149 bp) containing two distinct promoters. pDSU
contains two promoters situated in a convergent arrangement on opposite DNA strands.
pDSPs promoters are oriented in the same direction, in tandem, and on the same strand.

The direction of the promoter is indicated by red triangles.

To compare transcription originating from a different promoter arrangement
the plasmid pDSP was used. This was identical to plasmid pDSU except that one
of the promoters has been turned around, such that they are both oriented in

the same direction, on the same DNA strand. A linear transcription template,
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also 1149 bps in length, from plasmid pDSP was prepared using the same

restriction digestion and purification method as applied to pDSU.

Figure 5-2a shows a schematic of the 1149 bp fragment used in the convergent
transcription experiments, and includes the positions of the two oppositely-
aligned promoter sites. The hatched region directly downstream of each
promoter site depicts areas on the template that are deficient in the base
cytosine. This allows actively transcribing complexes to be stalled at the end of
these regions by a process of nucleotide omission, thus allowing the processes
of transcription initiation and the eventual collision to be investigated
separately. The distances from the start of the promoter regions and the ends of
the template are different for each site. This asymmetry means that promoter-
bound RNAPs can be simply identified by virtue of their positions from the ends
of the chain. It also means that three measurements can be defined from each
complex (Figure 5-2b): the inter-RNAP distance (the contour length along the
DNA backbone between the centres of the two RNAPs), and two arm lengths
(the contour length from the centre of each RNAP to their closest respective end
of the template). The smaller of these two values is termed the short-arm

distance, whilst the larger is the long-arm.
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Figure 5-2. (a) Schematic representation of the 1149 bp fragment used in the convergent
transcription experiments. This contains two Apr promoters separated by 338 bp.
Sequences deficient in C bases, directly downstream of each promoter, are shown by blue
hatching. Also shown is the distance in base pairs from each promoter to the end of the
template. (b) The asymmetry of the template allows three measurements to be defined
for each complex. The centre of mass of each RNAP is taken as the intersection of each

measurement.

An in vitro transcription reaction was performed using a protocol derived from
similar AFM studies into transcription complexes [47, 50, 166, 168] (see Figure
5-3 for schematic describing process). The initial stage involved taking 200 fmol
of the 1149 bp Hind III digested fragment of pDSU and incubating it at 37 °C for
15 minutes with 400 fmol of E. Coli-07° holoenzyme (Epicentre, Madison, WI,
USA), and 10 pl of transcription buffer (20 mM Tris-HCl (pH 7.9), 50 mM KCl, 5
mM MgCl;, 1 mM DTT). This initial step enables the formation of open promoter
complexes (OPCs), which consist of template DNA with RNAPs situated at the
two promoter sites, but which are unable to begin actively transcribing the

chain.

The second stage of transcription elongation can be initiated through the
addition of NTPs to the reaction mix. Stalled elongation complexes (SEC) were
formed by adding ATP, GTP, and UTP to a final concentration of 200 uM and

incubating at room temperature for 15 minutes. Due to the absence of CTP, the
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RNAPs will stall at the first occurrence of the base cytosine on the coding

strand, downstream of each promoter site.

Once all four NTPs are added to the reaction mix then it is expected that
transcription elongation can proceed unhindered until RNAPs travelling in
opposite directions begin to interact with each other. Collided complexes (CCs)
were formed in one of two ways. In the two-step method of collision formation,
200 uM of CTP was added to the mix containing SECs, before being left to
incubate at room temperature for 15 minutes. This allows the processes of
stalling and re-initiation to be studied. The one-step method involved adding
ATP, CTP, GTP, and UTP (100 puM each) to the reaction mix containing OPCs and

incubating at room temperature for 15 minutes at room temperature.

OPC: DNA + RNAP (37 °)

{ ) !

SEC: OPC + ATP, GTP, UTP
() ()

CC: |-step OPC + ATP, CTP, GTP, UTP
2-step SEC + CTP
)

Figure 5-3. Schematic diagram showing a summary of the different classes of complex
formed for investigations into convergent transcription. RNAPs are shown as green

spheres, the promoter region as red rectangles, and the C-less region as blue rectangles.

All reaction mixes were studied separately by AFM, and were diluted 10-fold
into imaging buffer (4 mM Tris-HCI (pH 7.5), 4 mM MgCl;), to facilitate efficient
binding to the substrate. Complexes were then deposited onto bare muscovite
mica, and imaged in ambient conditions (~ 35 % RH) using tapping mode AFM.
Complexes were analysed in the Nanoscope software (Digital Instruments,
Santa Barbara, CA, USA) and using Image] (NIH, USA). Complexes containing

two RNAPs were analysed in the following manner. Measurements of contour
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lengths were performed manually by tracing the DNA backbone as a series of
connected straight lines. Three contour length measurements were taken as
described previously (Figure 5-2b): the short arm distance, inter-RNAP
distance, and the long-arm distance. The centre of mass of the 2D projection of
each RNAP was taken as the intersection between one measurement upstream
on the template, and the next downstream. By studying how these three
measurements change relative to each other during the different stages of the
reaction it will be possible to gather information about the collision process
during convergent transcription. Additional analysis was performed for the

OPC reaction mix, which only had 0 and 1 RNAP bound to the template.
5.3 Convergent pDSU template

5.3.1 Open Promoter complexes (OPCs)

OPCs were formed by incubating template DNA containing the convergently
aligned promoters with E. Coli RNAP holoenzyme. The RNAPs are able to form
stable interactions with the promoter region, but due to the absence of NTPs
are unable to move away from their positions to begin active transcription.
Figure 5-4 shows representative AFM image of OPCs, containing software
zooms of individual complexes. A number of classes of complex were observed:
templates were seen with 0, 1, 2 and multiple RNAPs bound. Complexes
containing more than two enzymes arise from non-specific DNA-protein
interactions and were not included in any analysis. A complex was denoted as
an OPC if it contained two RNAPs positioned towards the centre of the template
such that two arms were observed, and with a separation consistent with the
expected separation for the inter-promoter distance (~1/3 + 10 % of the total

contour length).
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Figure 5-4. Montage of individual software zooms depicting typical open promoter

complexes. The RNAPs appear as two globular structures situated in the central region of
the template. They are separated by a small distance, consistent with the promoter

separation. Images are 300 nm x 300 nm.

A comparison of the total contour lengths of templates with 0, 1 and 2 RNAPs
bound as OPCs was undertaken. Bound RNAPs are expected to reduce the
contour length by a characteristic amount, arising from specific contacts being
formed between the DNA and protein upon OPC formation. Figure 5-5 shows
the distribution of contour lengths for templates with varying numbers of
RNAPs attached. The bin widths of the histogram were calculated automatically
by the graphing software Origin, by taking into account the range of the data
and the number of data points. These data sets were fitted to a Gaussian
distribution, and it can be seen that as the number of bound RNAPs increases
the contour length is reduced accordingly. The average contour length for the
bare DNA fragment is 388 * 3 nm (n = 50). This corresponds to a base pair
repeat of 0.34 nm, and corresponds well with the value for B-form DNA.
Templates with 1 and 2 RNAP bound showed a reduction in overall contour
length to 358 + 3 nm (n = 50) and 330 +* 4 nm (n = 45) respectively. This
corresponds to an overall reduction of 30 nm for templates with a single RNAP
bound, and 58 nm for those with two. It is interesting to note that the overall
reduction in contour length is similar each time for each bound E. coli RNAP,
which thus acts to reduce the contour length by a characteristic amount. The

distribution of DNA contour length with two RNAPs bound has the greatest
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range, and could indicate that if an RNAP binds first, it may alter the ability of a
second RNAP to wrap the DNA normally. It may also be a surface binding effect.
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Figure 5-5. Compaction of DNA by RNAP. Contour length measurements for DNA with 0
(red), 1 (green), and 2 (blue) RNAP bound. Each promoter-bound RNAP reduces the
contour length by a characteristic amount (~ 30 nm). This is consistent with a model in

which promoter DNA is wrapped once around the RNAP holoenzyme core.

Observations of RNAP-679 OPCs with AFM have shown that the template always
appears bent in the region bound to the polymerase [160, 168]. This is a
consequence of protein-induced DNA wrapping. In the images of OPCs obtained
with AFM the DNA often appeared to be significantly bent as it traversed
around the RNAP, relative to downstream and upstream regions. The actual
bend angle was quantified by drawing tangents to the incoming and outgoing
regions of the DNA chain directly surrounding each RNAP for complexes with
two RNAPs bound, in the manner displayed in Figure 5-6a. These results are
plotted in Figure 5-6b. The average value was found to be 68° * 4° The
distribution is broad, and could be a result of the finite tip size, broadening each
RNAP making it appear larger than it actually is. This causes the obscuring of
DNA directly neighbouring the RNAP itself, and any changes in DNA curvature

in these regions would be missed, leading to inaccuracies in the bend angle
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distribution. A large spread could also be a reflection of the natural variability of

the complex.
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Figure 5-6. (a) Schematic diagram demonstrating how RNAP induced DNA bend angles
were measured. (b) OPC bend angle distribution (n = 92). Whilst there is a large spread
in bend angles (ranging from 0° to 180°), the distribution is centred near 60° with a

standard deviation of 23.95°.

To further investigate this result, bend angles were measured from DNA chains
containing a single RNAP. As the expected binding positions are known, once
the average values (as measured from templates containing two RNAPs) for the
long-arm and short-arm lengths are known, it becomes possible to classify
singly-bound RNAPs as being specific or non-specific. RNAPs were identified as
being specific if the distance from the protein to the closest chain end was
typical of either of the average values for the arm lengths measured previously
(91 nm for the short arm and 127 nm for the long arm, both * 10).. These are
expected to represent promoter-bound complexes. If the RNAP did not satisfy
this criterion they were said to be non-specifically bound. These were found to
be DNA templates with RNAPs either in the very central region of the chain, or
very close to either of the two ends. Contour length measurements of the total
chain length were taken to test this method of classification. If an RNAP is
specifically bound, then one would expect DNA wrapping, indicated by a
consequential reduction in contour length. This is indeed the case with the
average value being 358 * 3 nm for the specific case, compared with 375 + 4 nm
for non-specifically bound complexes. The specific complex compares well with

the ~30 nm reduction in contour length per RNAP observed previously on
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templates containing two RNAPs (one specifically bound at each promoter). It is
interesting to note that the non-specific case displays a small reduction in
contour length relative to free DNA, showing that is still possible for RNAP to
form some contacts with DNA. Any small bend angle observed could act to
reduce the apparent DNA length, if the chain through the protein is not held in a

2D configuration and then obscured by the protein.

Figure 5-7 shows the bend angle distributions for both groups, in addition to
software zooms of individual complexes typifying each class. What becomes
apparent for the specific case is that the distribution is monomodal with an
average at 67° * 5° a value that was roughly similar to that obtained from
measurements of templates with two RNAP bound. This suggests that these
group of complexes containing one RNAP were specifically bound at the
promoter (OPCs). We see the appearance of a low angle spike for the RNAPs
classified as being non-specifically bound, along with a general shift in the
distribution to lower angles and an average of 38° + 7°. It appears therefore that
unspecific binding is typified by small protein-induced bend angles. On the
other hand, in the case of RNAP that is specifically bound at the promoter
region, DNA is made to wrap around the protein core leading to a characteristic

bend angle.

It is therefore possible that the population of RNAPs exhibiting a small bend
angle observed in the twin system may represent unspecifically bound protein
misidentified as promoter-bound complexes. However, it is also possible that
the presence of two RNAPs bound to two different promoters may lead to a
situation whereby one enzyme exerts an influence on its neighbour. For
example if one RNAP was to bind to the mica surface first it may limit the
conformational freedom of the DNA surrounding the remaining RNAP once it
becomes attached, leading to a change in DNA bending, especially once bound to

the surface.
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Figure 5-7. Protein-induced bend angles measured for (a) specific promoter-bound (n =
55) and (b) unspecific binding events (n = 30). Individual software zooms to the right of
the graph show exemplar molecules belonging to each class. The unspecific molecules

display a shift to lower bend-angle distributions. Images were taken in air, at 35 % RH.

5.3.2 RNAP size

Further confirmation of OPC DNA wrapping can be provided by measuring the
effective size of the protein. If DNA is wrapped around the entire circumference
of an RNAP then we would expect to see an increase in the size of the complex
(see insets of Figure 5-8). Measurements of RNAP size were taken by
thresholding the AFM images to remove the background and DNA chain, picking
out only the protein in the Gwyddion image analysis software package. RNAPs
bound to promoter DNA were picked out as grains after thresholding and their
areas were calculated automatically by the program, and, by assuming that the
protein was essentially circular, an effective radius was calculated. The same
analysis was performed on RNAPs that were not bound to DNA (situated on the

background substrate). The average radius for the DNA bound RNAPs was 18.9
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* 0.3 nm, compared to a value of 14.3 * 0.3 nm for the surface-bound RNAP

alone (see Figure 5-8 for distributions).
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Figure 5-8. Equivalent disc radius for RNAPs that are (a) Bound to the mica substrate
only, and (b) associated with DNA as an OPC. The RNAP has a greater effective size when
it is associated with the template (see insets), as illustrated by a shift to a higher
distribution. This suggests that DNA is wrapped around the RNAP core. Also shown in the
inset of each graph is a schematic diagram of how DNA wrapping would affect the size of

the RNAP.

There was no difference in size for RNAPs associated with the promoter
belonging to the short arm and the long arm. These values for RNAP size are
larger than values of RNAP structure obtained in crystallographic studies (~ 10
nm), but these discrepancies can be explained by the tip convolution effect. The

RNAP associated with DNA was found to exhibit a shift to a larger radius when
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bound to DNA (see Figure 5-8). The differences between the two values (4.6
nm) are roughly comparable with twice the expected diameter of B-form DNA
(~2 nm). We might expect the extra radius to be exactly equal to the accepted
size of DNA, but inaccuracies resulting from the automated analysis procedure,
which assumes that the RNAP is a perfect sphere, may be responsible for the
extra size. However, these results support the model that DNA is wrapped

around the outer region of the RNAP.

5.3.3 Stalled Elongation Complexes (SEC)

Transcription was initiated using a sub-set of NTPs, in which ATP, GTP and UTP
was added to a reaction mix containing already-formed OPCs on template pDSU.
The absence of CTP means that the transcribing complex will stall at the first
occurrence of the base cytosine. The stall distance is different for each
promoter, being +24 and +70 nucleotides away from each transcription start
site; however the base sequence is identical around each stall site. Hence, the
stalling behaviour should be similar for each RNAP. Outwardly the appearance
of SECs is not too dissimilar to that of the OPCs, with the template containing
two RNAPs situated in the central region of the chain, and separated by a small

distance (see Figure 5-9).

Figure 5-9. Montage of individual software zooms depicting typical stalled elongation
complexes (SECs). With the naked eye these look similar to OPCs. However, contour
length measurements indicate that the RNAPs are able to begin moving in the expected

directions until they eventually stall. Images are 300 nm x 300 nm.
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Measurements of the separation, in addition to the arm lengths, were taken,
with a view to confirming that the RNAPs had travelled a distance coinciding
with the stall length. The total contour length was seen to increase by 32 nm to
362 * 3 nm, when compared with the OPC measurement of 330 nm. Relative to
free DNA this corresponds to a reduction in contour length of 13 nm per RNAP.
Additionally, the average values for both the short arm and the long arm were
observed to have increased, whilst the inter-promoter distance decreased. The
actual increase from the corresponding arms for the OPC case was similar for
both the arm measurements (~ 20 nm), and the reduction in the inter-promoter

distance was 10 nm.

The average protein-induced bend angle was seen to reduce slightly to 62° + 3°,
with a median of 54.9° (see Figure 5-10 also). However, what is apparent is that
there is a significant population of SECs with little bend angle, with around 45
% of measurements being in the range 0-40°. Low bend angles were found to be
an indication of unspecific complexes, as measured from OPC data (See Figure

5-7).
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Figure 5-10. SEC bend angle distribution. Whilst the average bend angle is only slightly
reduced when compared to the OPC case, there is a large shift towards smaller bend
angles, with a particular spike being seen in the range 20-40°. This suggests that the DNA

is not as extensively wrapped as in a promoter-bound complex.
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The increase in total contour length, coupled with a reduction in bend angle,
seem to indicate that the RNAPs are able to make the transition into an actively
transcribing unit. The reduced wrapping can be attributed to the loss of
contacts between the DNA and polymerase during the transition from initiation
to elongation [168]. Significant sequence-specific contacts with the promoter
region are essential for initiation, and are the main contribution to wrapping. It
is believed that some of these interactions are lost upon promoter escape [54].
The apparent DNA bend angle is reduced as DNA wrapping is reduced, allowing

the RNAP more freedom to move as it transcribes the chain.

The template contains two promoters on opposite DNA strands, and can be
considered as a general model of nested genes found in vivo. A nested gene is
completely enclosed within a larger host gene. Hence, there are two distinct
promoter regions (one for each gene) both of which can recruit an RNAP and
become transcriptionally active. Further evidence that transcriptional activity is
possible on this model nested gene template is provided by measurements of
the arm lengths. Both arms increased in size, whilst the distance between them
decreases, consistent with the RNAPs moving away from their promoters and
beginning to transcribe the chain in the directions expected. The average
movements on each arm were quite similar. This is unexpected as one stall site
is roughly three times further away from the transcriptional start site for the
small arm than the long arm. However, the end-terminals of the DNA template
are not labelled in these experiments so it is possible that the short-arm could
be misidentified as the long-arm, and vice versa. This descrepancy could be a
result of the fact that after the RNAPs move away from the promoter to the stall
sites the differences between the expected lengths of the two arms are much
smaller (463 for the long arm vs. 442 bp for the short arm). Assuming B-form
DNA a difference of 21 bp would correspond to a distance of only 7 nm. The tip
broadening affect could also have an influence, as RNAP appears larger.
Considering the positions of the stall sites from the DNA sequence, a reduction
in the inter-RNAP distance of around 31 nm (94 nt) would be expected. The
lower than expected reduction (10 nm) could be a explained by result of a

change in the partition of wrapping between upstream and downstream DNA,
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on maturation to an elongating complex. If the downstream DNA wrapped in an
OPC was subsequently released on the transition to an SEC then the net effect
would be an increase of DNA in the inter-RNAP region, meaning that the
apparent reduction in the RNAP separation would be less than expected once

transcription has started,

5.3.4 Collided complexes (CCs)

Collisions between transcribing RNAPs were induced in two different ways. In
the first case, the missing NTP (CTP) was added to a mixture containing SECs,
meaning that the collision is formed by a two-step process. This was expected to
allow the stalled RNAPs to reinitiate, before they proceed along the template
and experience a collision with another RNAP, or run off the end of the chain.
The base sequence around the stall sites is identical in both cases, and as such
that the behaviour of stalling and re-initiation should be similar for each

promoter.

Transcription was also induced in a simple one-step process, in which all four
NTPs were added to the reaction mix containing OPCs. In this case
transcription should proceed unhindered past the stall site described

previously.
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(a) 2-step (b) I-step

Figure 5-11. Montage of individual software zooms depicting collided complexes
prepared via (a) a 2-step process with a stalled intermediate (b) a 1-step process. The
RNAPs are expected to transcribe towards each other until a collision event occurs. In
both cases, molecules containing two RNAPs in very close proximity to each other were
often observed. Their separation is almost always much smaller than observed for OPCs

and SECs. Image size is 300 nm x 300 nm.

Figure 5-11 shows a montage of individual complexes that represent the results
of collisions between RNAPs initiated by (a) a two-step process, and (b) a one-
step process. When imaging CCs formed using both strategies, templates
containing two RNAPs bound in close proximity to each other were often
observed, indicating that they may have collided. Also, the RNAPs were often
situated asymmetrically towards one end of the template (P = 0.55), past the
promoter at the short arm. These initial observations would appear to indicate
that these complexes represent a distinct result of transcription interference,
where RNAPs are observed in close proximity past one of the starting points,
were not generally observed when imaging OPCs and SECs. The fact that RNAPs
were observed close to the end of the template appears to indicate that they
were able to backtrack along the template past their starting point at the
promoter. It would seem that one particular effect of a collision is that the
RNAPs stall against each other. That both RNAPs were still situated on the
template after collision suggests that transcription of a stretch of DNA or a gene

may be possible.
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Figure 5-12. Inter-RNAP measurements from CCs prepared via (a) a 2-step process (n
=67) and (b) a 1-step process (n =62). The distributions vary between methods. The 2-
step process exhibits a large peak in the range 80-100 nm, whilst in the 1-step process
there is a much greater proportion of complexes with a smaller separation. This
difference is attributed to be a result of an inability of stalled complexes to re-initiate
once the remaining NTP is added. Both methods show a broad distribution with a

significant fraction at small separations.

To further quantify the effect of the collision and arrest of two convergently
transcribing RNAPs, and to study differences between the 1-step and 2-step
methods of CC formation, measurements were taken of the contour length along
the DNA between the two polymerases (see Figure 5-12). Both distributions
display a proportion of molecules that have a small separation. The overall
range of distances is similar for both cases, suggesting that the behaviour of
RNAPs after transcription has occurred is similar in both cases. However, there
is a large peak centred in the range 80-100 nm for the 2-step case (Figure
5-12a), that is absent in the 1-step case (Figure 5-12b), where the majority of
RNAPs are in close proximity to each other. This extra peak is consistent with
the expected separation between the two stall sites, as calculated from the
sequence data, suggesting that when CCs are formed by a 2-step process a
significant proportion (~45 %) of the paused complexes remain unable to
resume transcription, and become transcriptionally arrested. In the 1-step
process, transcription is able to proceed unhindered past each stall site, and
there are no significant peaks relating to either stalled or promoter bound

complexes.
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5.3.5 Visualisation of RNA

It was rare (~ 10 %) that any nascent RNA was observed exiting the
polymerase. RNA is able to form base pairs between different, distal regions of
the same chain, allowing it to fold up into compact secondary structures. The
nascent chain should remain in contact with RNAP during elongation and could
perhaps become obscured by the broadening effect of the tip. However, a few
images were obtained of structures that may represent RNA, in which small
chains or globular features were observed to exit the RNAP in a different
direction to the incoming and outgoing chain lengths. Only occasionally were
such tertiary features observed exiting both RNAPs. A montage of these
complexes, with the feature of interest highlighted, is shown in Figure 5-13.
Structural information can be obtained by mapping the location of such
features, relative to upstream and downstream regions of DNA. The RNA exit
point was typically (P = 0.81) observed on the opposite side to the smallest
angle formed by the incoming and outgoing DNA arms, as measured to be 62 *
3°. The average orientation of the transcript was measured, and it was found
that the angle between the RNA and upstream DNA was equal to 140 + 20° (n =
25). As such, we can suggest a structural model of the elongating complex

(Figure 5-13b).

To gain more evidence that the features observed were of RNA transcripts the
length of the feature protruding from RNAP was measured and compared to the
RNAPs position on the template. The length of a transcript would be directly
coupled to transcription and the distance that the RNAP had travelled from its
promoter. However, in only 21 % of cases was the length of the transcript
similar to the distance (within 10 % of the expected value) that the RNAP had
travelled from its start site. Typically the feature had a smaller length than the
distance of RNAP travel. The reasons for this are that the finite size of the AFM
tip means the RNAP is seen to be broader, and creates a shadow that obscures
the area surrounding the protein, including the RNA chain exiting it.
Additionally RNA is able to fold up into more compact secondary structures. To

examine this, the DNA sequence from the transcription start site at the
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promoter at the long arm across the inter-promoter region was inputted into
the RNA secondary structure prediction tool MFold. Figure 5-13c shows the
predicted structure that an RNA molecule would take up if it was formed from
transcription across this particular DNA sequence. This shows that RNA
transcripts formed after transcription across this template would be likely to

fold up into a compact structure, formed of a number of DNA stems and loops.
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Figure 5-13. (a) Software zooms of DNA-RNAP complexes with putative RNA transcripts
exiting the protein (indicated by arrows). (b) Model of the elongation complex. The
transcript was typically observed on the opposite side to the upstream and downstream
DNA arms. Images are all 300 nm x 300 nm. (c) Prediction of the secondary structure of

RNA formed after transcription using pDSU as a template.

Another interesting class of complex was also observed, in which a transcript
feature was hidden by a third RNAP which appeared bound in very close
proximity to a template-bound protein (see Figure 5-14 for examples).

Measurements of the angle between the centres of the two neighbouring
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polymerases, one on the template and one off-axis, appeared similar to the
relative position of the RNA exiting the transcribed RNAPs in the case described
above (128 = 5°, n=22). In addition to this, the additional RNAP was observed in
the position expected of the transcript; i.e. on the opposite side to the smallest
angle subtended by the two DNA arms. This is interpreted as free RNAP in
solution binding to the RNA transcript once it is sufficiently large to be

unrestricted by steric hindrance from the RNAP which has produced it.

Figure 5-14. Examples of complexes that have an additional RNAP associated with a
template-bound one. Measurements confirm that the position of the extra RNAP
correlates with the position of the RNA, observed in other cases. On some complexes
there even appears to be an apparent transcript exiting from behind the protein. These

are marked by green asterixes. Images are all 300 nm x 300 nm.

5.3.6 Comparison of complexes

Complexes representing different stages of the convergent transcription
reaction were formed and imaged using AFM. Contour length measurements of
complexes with two RNAPs bound were performed, as were measurements of
their relative positions on the chain. The average values of such measurements
are displayed in Table 5-1. There are marked shifts in the values of RNAP
separation for CCs compared to OPCs or SECs, demonstrating that the RNAPs

are able to approach one another.
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Table 5-1 Summary of measurements taken for pDSU template

Sample Short- Inter- Long- Contour n
Arm RNAP Arm Length (nm)
(nm) (nm) (nm)
Open 91+ 3 113 +6 127 +3 330+4 54
promoter
complex
Stalled 111+2 103 +3 147 £ 2 3623 88
elongation
complex
Collided 1035 69 =7 189 +7 361 +4 62
complex

This method of analysis provides a “snap-shot” in time of what occurs at various
events during the convergent transcription pathway. Table 1 only gives
ensemble averages. To get a clearer idea of what occurs during these “collision”
events, it becomes important to study individual members of the population.
The AFM makes it possible to observe any sub-populations or intermediates
formed in a given process. To gather information on what occurs during the
collision, it becomes necessary to study how the distributions of the
measurements as a whole change during the reaction. From length
measurements along the DNA contour it is possible to infer how the position of
each RNAP changes relative to the other RNAP. Figure 5-15 shows the
distributions of the arm-length and inter-RNAP measurements for each kind of

complex (OPC, SEC and CC (1-step)) to facilitate comparison.
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Figure 5-15. Evolution of RNAP position and separation in convergent transcription. (a)
pDSU arm length contour distances for OPC (n = 54), SEC (n = 88) and CC (1-step reaction)

(n = 62). (b) pDSU inter-RNAP distance contour measurements for the same complexes.

5.3.7 Inter-RNAP separation

The transition from OPC to SEC is accompanied by a small reduction of the
inter-RNAP distance (compare separations in Figure 5-15b). This is indicative of
the RNAPs being able to begin transcribing and moving away from their
promoters, but then stalling when the first occurrence of the missing base is
encountered. However there is a marked change on addition of all four NTPs,
since the elongation stage can proceed as normal (CCs in Figure 5-15b). In this
case, what becomes most apparent is that there is a major shift towards
complexes that have much smaller separations. In Figure 5-15, the CC
distribution represents collisions initiated via a 1-step approach. However, such

shifts towards smaller separations were also seen in the 2-step case, together
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with an additional peak (80-100 nm in Figure 5-12a), referring to complexes
which had failed to re-initiate after stalled intermediates had been formed. The
large shift towards a smaller separation on addition of all four NTPs, suggests
that after a “collision” event, the two RNAPs move closer, a situation that

appears to be indicative of stalling, induced by the presence of another RNAP.

5.3.8 Arm-lengths

Both arm lengths show an expected increase in magnitude once a subset of
NTPs is added to the reaction mix, and the RNAPs transcribe towards each
other (Figure 5-15a). However, once all four NTPs are available to participate,
and presumably a collision occurs, there are significant shifts in both
measurements in complementary directions. (Compare Figure 5-15a OPC and
CC showing that the overall range of the measurements taken together
increases). That is to say, whilst the long arm moves to higher values, the short
arm begins to shift towards lower values. A significant amount of short-arm
measurements are even smaller than the initial short-arm promoter length.
Additionally, the distributions in the CC arm-lengths begin to overlap each other
more, confirming that RNAPs are travelling towards each other. A lengthening
of the long arm occurs for many complexes, sometimes to distances greater
than the separation between the two promoters, and would suggest that one
RNAP can transcribe across the full inter-promoter distance without being
blocked by the other RNAP, i.e. one RNAP can travel continuously in the 5’ — 3’
direction. The reduction of one arm suggests that a head-on collision can lead to
the backtracking of one RNAP by the other, and that this can occur even past its
original starting point at the promoter. To summarise, the results from the arm-
length distributions, coupled with significant decreases in the inter-RNAP
distances puts forward a model in which collision results in the backtracking of
one enzyme by the other, and the subsequent stalling of the forward moving

RNAP.
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5.4 Tandem pDSP template

A more common gene arrangement than the nested gene is to have genes
overlapping on the same strand of DNA. To examine the differences between
convergent transcription arising from oppositely aligned promoters, where
collisions are head-on, and the more frequent arrangement, in which promoters
are aligned in the same direction, a different but related template was used. The
pDSP template contains two identical Apr promoters, similar to the pDSU
template (see Figure 5-16), however, the promoter belonging to what is termed
the short arm is flipped around. Hence, two RNAPs transcribing from the
different promoters can travel in the same direction and use the same DNA

strand as a template for RNA production.
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Figure 5-16. pDSP template. This contains two Apr promoters in a tandem arrangement.

The blue-hatched region shows DNA regions deficient in cytosine.

Such an arrangement negates transcription interference (TI) from direct head-
on collisions. Rather TI relating not only to promoter occlusion, but also rear-
end collisions may become significant. This alternative arrangement allows us
not only to compare two collision mechanisms (head-on vs. rear end), but also
to test our previous models of backtracking. If both promoters were to “fire”
during a short time interval, then there would be no collision and both enzymes

are expected to run off the end of template.
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5.4.1 Initial Imaging of pDSP complexes

DNA-RNAP complexes were formed in an identical manner to those in the
convergent case: by varying the reagents available to participate in the reaction
different stages of transcription could be imaged. A montage of single-molecule
software zooms of pDSP complexes representing OPCs, SECs, and CCs is shown
in Figure 5-17. Visually the main classes of complex look similar to their pDSU
counterparts. Also, as before, different populations were observed containing 0,
1, 2 or multiple RNAPs bound. OPCs and SECs appeared outwardly similar with
two RNAPs situated roughly centrally on the template and separated by a small
distance. CCs were prepared via the one-step approach, and typically appeared
with two RNAPs situated toward one end of the template, and with a much

smaller separation.

(a) OPC (b) SEC (c)cc

Figure 5-17. Montage of single-molecule software zooms of RNAPs bound to pDSP
template representing (a) Promoter bound RNAPs (OPCs), (b) Stalled RNAPs (SECs), and
(c) Collided RNAPs (CCs). The different stages appear outwardly similar to the

convergent pDSU case. Images are 300 nm x 300 nm.

5.4.2 pDSP results

An analysis was performed as before on DNA molecules where two RNAP
remained bound, measuring and comparing values for the short-arm, long-arm,
and RNAP separation. Table 5-2 summarises the average values for each case of
complexes. As expected, due to the promoter sites being in identical positions,
measurements relating to the OPC class appeared quite similar to the pDSU

case.
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Table 5-2 Summary of measurements for pDSP template.

Sample Short- Inter- Long- Contour n
Arm RNAP Arm Length (nm)
(nm) (nm) (nm)
OPC 93+ 4 106 =5 138+ 4 337 4 48
SEC 91 +4 114 5 154+ 6 3597 54
CC 76 £5 74+ 8 220+8 368+5 65

With regard to the pDSP template, the short-arm promoter has shifted position
such that the overall arm lengths should remain the same as in the convergent
pDSU case. The measurements of the OPC short arm show a general agreement
with this; however, the long arm appeared slightly larger than expected. This
appears to be partially taken up by a small increase in total contour length of
around 7 nm. This suggests that the direction of the promoter, and therefore the

extent of wrapping, may lead to different DNA structures or binding behaviour.

Once a sub-set of NTPs are added, both arm lengths shift in the directions
expected. Taken with the fact that the inter-RNAP distance is increased (as
expected by the positions of the stall sites), together with an overall increase in
total contour length, these results suggest that the RNAPs are able to begin
transcribing the pDSP template. However, there is some discrepancy in the
magnitude of the changes. With stall distances of 24 and 70 nucleotides,
corresponding to distances of around 8 nm and 23 nm, for the long and short
arms respectively, one would expect the short arm to show the greatest shift.
However the opposite is true. This could be explained by considering how the
wrapping is partitioned between upstream and downstream DNA. If there was a
change in this partition corresponding to structural changes between an
initiation and an elongating complex, such that there was increased wrapping of

downstream DNA relative to upstream DNA, then such results could be
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explained. There is an increase in total contour length, indicating that the
overall degree of wrapping had been altered on transition to an elongating

complex.

All four NTPs were added to the reaction mix to form collided complexes via a
one-step method. With both promoters being situated in the same direction one
might expect the complexes to simply run off the end of the template. However
we observed DNA templates that still had both RNAPs attached. These were
often situated in close proximity, and towards one end of the template. The
overall fraction of “naked” template, without an RNAP bound, was found to
increase, from 29 % for the OPC mix (n = 234) to 42 % for CCs (n = 266).
Although these figures may be dependent on sample preparation, it appears to
indicate that there is a likelihood of both RNAPs running off the template,
leading to a decrease of DNA with RNAPs bound, and an increase in bare DNA.

Due to the tandem promoter arrangement it is possible to study how
transcribing RNAPs interact with each other, without some of the ambiguity in
not knowing which chain end is which on an unlabelled template. It is expected
that movement away from these two promoters would typically lead to an
increase in the long-arm distance, and a decreasing short-arm. Any movement
in the opposite direction is expected to be highly improbable, being against the
5’ to 3’ direction required for transcription. Any movements in this direction
should relate to non-specifically bound complexes. After collision we do indeed
observe the expected changes in magnitude of arm length, the averages in the
short arm and long arm lengths changed to 76 + 5 nm and 220 + 8 nm, which

represent decreases and increases of 19 nm and 82 nm respectively.
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5.4.3 pDSP arm-length measurements

Looking at the distributions throughout the process can elucidate how the
RNAPs behave at each stage, and what are the potential collision outcomes.
Figure 5-18a shows how the distributions of the long and short arms change
throughout the reaction. In the OPC case, there is a narrow distribution centred
around the average value, consistent with RNAPs situated at their respective
promoters. Once a sub-set of NTPs is added, both distributions shift their
positions slightly, with a decrease in the short arm, and a more marked increase
in the long arm. This is representative of RNAPs travelling to their stall sites.
Once all four NTPs are available, then transcription can proceed unabated, and
the arm-length distribution displays a corresponding shift. Similar to the stalled
complexes, the short arm decreases whilst the long arm increases, however,
these overall shifts are much greater. This is expected and coincides with the
promoter arrangement, as both RNAPs transcribe toward the same template

end.

172



Chapter 5 Transcription Interference

a) \rm—m—mm——mmmm 0.4 s
( ) OPC [ Short Arm | (b) OPC

Long Arm |

03 03¢

02r 0.2

01} 01f

SEC - ISEC

03F

o
w

o
5]
o
[

MNormalised frequency

[=]
Normalised Frequency

o

0.0

0.0

03t 03

02 0z}

01} 01

00 S ES 0.0 ONMHERNIMNIMTIIINTTTY Yy
0 20 40 60 80 100120140160 180200230240250280300320340 0 20 40 60 80 100 120 140 160 180 200 220 240 260

Arm length (nm) Inter-RNAP distance

Figure 5-18. Evolution of RNAP position and separation in transcription originating from
tandem promoters (a) pDSP arm length contour distances for OPC (n =48), SEC (n = 54)
and CC (n =65) (1-step case). (b) pDSU inter-RNAP distance contour measurements for

the same complexes.

Rather than being a simple normal distribution the long-arm distribution
contains a number of different peaks, of which there are two main ones. These
appear to correspond to different populations, and therefore potential collision
outcomes. The peak around 160 nm in the CC (1-step case) long-arm
distribution appears to coincide with a similarly large peak in the OPC case,
suggesting that they may represent complexes that have failed to come out of
the initiation stage. The peak around 260-270 nm in the long-arm almost
corresponds exactly to a scenario whereby an RNAP has “fired” from the long-
arm promoter, and has travelled a distance consistent with the initial inter-
promoter distance to where the short-arm promoter is situated (a distance of

777 bases from the opposite chain end or ~ 251 nm). With regard to the short
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arm there is a single peak centred around 50 nm indicating a simpler behaviour,

but also showing that not all RNAPs transcribe off the end of the template.

Hence, the distribution for pDSP displayed different characteristics to the pDSU
template. In the convergent case, the distributions increased in width but
remained Gaussian. Additionally, whilst the two arm length distributions begin
to overlap, approaching similar values in pDSU after collision, for pDSP the two
began to spread apart. This is expected for this different arrangement, and
confirms that our transcription reactions are proceeding as expected. The
difference between the two average arm lengths for CCs in pDSP is 144 nm,
compared to 86 nm in pDSU. However, it appears that the outcomes of each
interaction are similar for each case, with two RNAPs remaining on the

template in close proximity.

5.4.4 pDSP Inter-RNAP separation

The distributions of the RNAP separation for pDSP also showed differences to
pDSU. From OPC to SEC, the distribution displays a small shift towards higher
values, corresponding to the slight increase in separation once the sub-set of
NTPs is added. Once all four NTPs are available to participate in the reaction to
form CCs, there is a marked shift to lower separations. However, whilst in the
convergent pDSU case there was one main peak at quite small separation, there
were a couple of other noticeable peaks for pDSP. The largest peak (20-40 nm)
is indicative of RNAPs that have collided with each other and subsequently
stalled roughly next to each other.

Of the other peaks in pDSP, one is centred in the range 80-100 nm, which is
roughly consistent with the initial inter-promoter distance. This class of
complex most likely represents a sub-population in which both RNAPs have
failed to enter the elongation stage. In a comparison with the other template,
the fraction of complexes separated by a distance typical of the promoter
separation was around 0.20 for pDSP, and 0.075 in pDSU. Hence, it is almost
three times as likely to find RNAPs at the two promoter sites, in the tandem case

as opposed to the convergent arrangement. This could confirm that with the
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two promoters situated in the same direction the RNAPs have a greater chance
of running off the end of the template. As such, in pDSP RNAPs failing to
elongate become a greater proportion of the overall population of templates

which have two polymerase bound, and are subsequently analysed.

A third peak in the range 120-140 nm is perhaps a result of RNAPs originating
from the long-arm promoter stalling. Stalling appears to be a major factor in our
in vitro approach. With this particular promoter arrangement if there was never
any stalling, either due to collisions or intrinsic pausing, then we would expect
both RNAPs to finish transcribing the template, and to only observe bare DNA
templates. It is proposed that this increase in separation is a result of such
stalling and transcriptional arrest. An increase in separation would require that
the RNAP at the short arm was able to initiate and move away from its
promoter. If the remaining RNAP situated at the remaining promoter either
failed to initiate or stalled downstream of the transcription start site than an

increase in separation would be observed.

Such a noticeable peak, at an increased separation, is not present in the same
measurements for pDSU, a consequence of the convergent arrangement
meaning that RNAPs should always be travelling towards each other. It appears
that a stalled RNAP acts as a barrier to another elongating RNAP. There is a
collision and the transcribing polymerase either stalls, or induces backtracking
upstream in the other RNAP. It should be noted, that if the RNAP at the long-
arm promoter of pDSP is stalled or arrested there will never be a collision with

the other RNAP, owing to the promoter directions.
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5.5 Discussion

5.5.1 Wrapping

When imaging templates with RNAPs bound it became apparent that the total
contour length was reduced, relative to free DNA, by a characteristic amount. By
comparing the contour lengths of DNA with one (n = 50), or two (n = 48) RNAPs
bound, the reduction in contour length was found to be around 30 nm per
enzyme. The values were also similar for pDSP (27 nm) and pDSU (29 nm),
indicating that it is not template specific. These observations are consistent
with a model whereby promoter DNA is wrapped around the RNAP. When just a
single RNAP was associated the difference was reduced by about half, indicating
that each RNAP can wrap a region of DNA independently. Rivetti et. al also
performed a detailed analysis of the contour lengths of many DNA molecules
and found that in the case where RNAPs were bound to the promoter in an open
conformation, the length of the fragment was also reduced by ~30 nm (~90 bp)
[168]. Crystallographic studies have shown that E. Coli RNAP has a globular
structure with a circumference of ~32 nm [55]. As such, a reduction of such
magnitude is consistent with DNA being wrapped once around the protein
surface. Such a process is similar to how DNA is packaged by nucleosomes, by
wrapping around a histone core. Such nucleosome-like structures, whereby OPC

wrapping is particular obvious, are shown in Figure 5-19.
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Figure 5-19. Montage of OPCs. The shape of these complexes suggests a structure in
which DNA is completely wrapped around RNAP, in a similar way to a nucleosome

(Indicated by arrows). Each image is 300 nm x 300 nm.

The wrapping of DNA around RNAP also leads to the bending of upstream and
downstream DNA regions by characteristic values. The average bend angle
values were centred in the range 60° - 70°, for both pDSU and pDSP. Similar
values were obtained for both promoters, and for templates with only one
specifically-bound RNAP, again suggesting that the RNAPs do not influence each
other at this stage. Rivetti measured bend angles that were centred from 55° -
88°, and suggested that such a broad distribution reflected complexes with
well-defined bends being adsorbed to the surface in slightly different
orientations. The fact that the DNA is wrapped means that the overall DNA
distortion is much larger, and the DNA is actually bent through 300° (see Figure
5-20a).
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(a) (b)

Downstream DNA

Downstream DNA
Upstream DNA

Figure 5-20. Model of the E.coli RNAP OPC proposed by Rivetti et al. [168] (a) In their
study a bend angle of ~ 60° was measured by AFM and gel retardation. DNA wraps around
the outside of the enzyme. (b) Three-dimensional representation drawn according to the

crystallographic results of Darst et al. [55].

Similar results, pointing towards DNA wrapping around the RNAP core, have
been obtained through DNA foot-printing experiments, in which it was
observed that the length of protection of the DNA by RNAP was similar to the
reduction in contour length observed by AFM [45, 177]. Rivetti used templates
with an asymmetric promoter location, meaning it was possible to distinguish
between upstream and downstream regions of DNA. By comparing the lengths
of the two arms with the values expected for the template, they were able to
conclude that two-thirds of the wrapped DNA was attributed to the upstream
region, and one-third to the downstream. As such, the transcription start site is
located near the cleft produced by the thumb-like structure in RNAP, a region
that has been suggested to contain the active site of the enzyme (see Figure
5-20b) [55, 156]. We observed differing proportions of wrapped DNA upstream
and downstream of the RNAP for each promoter. This may be a net effect of
having two RNAPs wrapped around a single template. If one RNAP wraps its
DNA first it may partially inhibit the second RNAP from being able to

manipulate the DNA maximally, by providing a significant drag force.

DNA wrapping increases the extent of the RNAP-DNA interactions by

maximising the contact area between the two. Such interactions are important
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for complex stability. The initial RNAP state is known as a closed complex, and
involves the wrapping of DNA around the protein in a left-handed fashion. This
can propagate negative writhe in the template. It has been suggested that the
negative writhe associated with the complex is converted into localised
untwisting in the promoter region [6]. This results in unwinding of the two

strands, a necessity for transcription initiation.

With regard to the OPCs, two main classes of conformation were observed. The
conformation of the molecules may be affected through being bound to the
surface. In the case of our template, where two RNAPs are situated at separate
promoters, it is expected that the two arms exiting the RNAPs are likely to lie in
different planes. During binding the complex effectively undergoes a transition
from being a three-dimensional object to one that is flat, lying in a single 2D
plane. The transition into a surface-bound complex was found to separate the
molecules into two main conformation classes, U-shaped in which the arms lie
in the same sense, and S-shaped when they are in the opposite sense (see Figure
5-21). It is interesting to note that in both the convergent pDSU case and the
tandem pDSP case, the respective frequencies of each group is almost identical,

with around a third being S-shaped and two-thirds being U-shaped.

These two shapes could represent different isomers, in which the DNA structure
is changed in the inter-RNAP region in the transition to two dimensions. B-form
DNA is right handed and as such DNA twisting in an anti-clockwise fashion
would lead to the unwinding of the helix. As such the formation of U-shaped
conformations would result in the under-winding of the helix, whilst S-
conformations will over-wind the helix (Figure 5-21 inter-RNAP regions). This
would translate to a small amount of negative or positive supercoiling
respectively. The unwinding of the helix is likely to aid the formation of the
transcription bubble and hence stabilise the OPC. This can explain why the U-

shaped conformation was more common.

Additionally, the different promoter arrangements of pDSU and pDSP may affect
how the DNA is able to wrap around the DNA (see schematics in Figure 5-21). In

an OPC, DNA is wrapped around the protein in a left-handed fashion i.e. anti-
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clockwise. In the pDSU template containing convergently aligned promoters,
the two OPCs wrap the DNA in opposite fashions relative to each other; in which
case, the S-shape will have more extensive wrapping, whilst wrapping would be
reduced in the U-conformation. The opposite is true for the tandem pDSP case,
where each promoter wraps in the same direction. Here, S-conformations have
less extensive wrapping than U-conformations. The more DNA-protein

interactions there are, the more stable the OPC is expected to be.

S-Shaped pDSU pDSP

NININ N
(G ULV AV PV AN §

31 % 32%

Underwound

68 %

69 %

Figure 5-21.Examples of main conformations of OPC seen: S- and U-shaped. On transition
into 2D upon surface-binding, the different conformations will affect the inter-promoter
DNA differently. OPCs wrap DNA in a left-handed fashion, meaning the structures formed
lead to either an increase or decrease of twist. The different promoter arrangements of
pDSU and pDSP mean that S- and U-conformations affect how extensively DNA is wrapped
differently for each template. Extensive wrapping is indicated by a green box, whilst a
reduction is shown in red. Also shown are the relative occurrences of each conformation

for each template.

Measurements of the contour length for each group in pDSU support the
hypothesis that the extent of DNA wrapping is coupled to the conformation the
complex takes up on the surface. For pDSU the U-Shaped conformation had an
average contour length of 334 *+ 5 nm, whilst the S-shaped conformation had an
average of 323 + 4 nm. The lower length would be an indication of the increased

wrapping of the S-shape. However, the values for each group in pDSP were
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similar, with average contour lengths of 337 + 5 nm and 334 * 4 nm for the U-
and S-conformations respectively. The fact that both values are similar may be a

result of insufficient imaging resolution.

The fact that the relative frequencies of each type of shape is almost identical
for pDSU and pDSP suggests that the different stabilising and destabilising
effects can compensate for each other. The structure that the inter-RNAP region
takes up may be more significant than the wrapping for effective stabilisation of

the complex.

On maturation into an actively transcribing elongation complex some of the
initial wrapping is lost. SECs with two RNAPs bound show increases in total
contour length of 32 and 22 nm’s for pDSU and pDSP respectively, over their
OPC equivalents. However, free DNA was still observed to have a higher total
contour length than SECs, in which reductions of around 13-15 nm per RNAP
were observed. Rivetti et al. observed a slightly higher compaction of 22 nm
when studying SECs of similar template length with AFM [166]. Our results do
agree better with DNA foot-printing experiments, which indicated that the
interaction involved no more than 35 bp (~ 12 nm) [132, 134]. The reduced
wrapping, when compared to initiation complexes, is attributed to the loss of
contacts between RNAP and DNA. OPCs have major sequence-specific contacts
upstream of the transcription start sites, which have been suggested to be lost

upon transition into elongation.

Rivetti suggested that DNA wrapping is also important for the stability of the
elongation complex [166]. Left-handed wrapping favours the unwinding of the
DNA helix, and stabilises the transcription bubble within the active site. In the
same study Rivetti et al. looked at visualising RNA extrusion in both E. Coli and
eukaryotic RNAP III transcription elongation complexes using AFM, in which
the enzyme had been stalled at various positions downstream of the promoter
[166]. They often observed a transcript exiting the RNAP, providing that the
polymerase was stalled far enough away from the promoter. The RNA chain was
prevalently mapped on the opposite side of the protein relative to the smaller

angle formed by the DNA arms. Measurements of the angle formed by the
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upstream DNA and the transcript discovered a distribution centered on 140°
and 110°, for bacterial and yeast RNAPs respectively. Our observations agree
with their results for E. Coli RNAP. They surmised that the location of the RNA
exit site may help in keeping the transcript far away from the DNA arms, and
could contribute to unhindered growth of the RNA chain. DNA wrapping may
prevent RNAP from rotating around the DNA, meaning that the chain would
have to rotate on its axis as it passes through the protein. With RNA being
situated on the opposite side of the RNAP relative to the DNA this would
prevent the transcript from getting entangled with the DNA.

They also observed the binding of secondary RNAPs to the nascent RNA chain,
and explained that the existence of an RNA binding site on the enzyme, could act
to increase the local concentration of polymerase in the vicinity of a gene, and

thus function as an allosteric transcription regulator.

5.5.2 Inter-RNAP separation

By adding NTPs into a reaction mixture containing RNAP and template DNA,
and observing the change in RNAP separation, we were able to show that
transcription began to occur in the direction expected for their promoter
arrangements. For example, after adding only a subset of NTPs, RNAPs were

unable to transcribe past their stall sites.

Once all four NTPs are available to participate in the reaction, a significant
number of RNAPs were observed in close proximity to each other, and often
situated toward one end of the template. This was true of both pDSU and pDSP.
Such a change was confirmed by the average values of inter-RNAP distance
decreasing by 44 and 32 nm’s relative to the initial separations seen in the OPC
scenario, for the convergent and tandem promoter arrangements respectively.
What is particularly striking however, is that there were large spikes in both
pDSU and pDSP distributions, representing very low separations (< 40 nm) (CC
distributions in Figure 5-15b and Figure 5-18b).

Such complexes, displaying such a small separation, were not observed prior to

NTP addition. These collided complexes, therefore, represent the aftermath of a

182



Chapter 5 Transcription Interference

transcription event, in which the two RNAPs displayed transcriptional
interference. Such small separations were rare when OPCs were imaged. RNAPs
binding to DNA prior to transcription initiation utilise a 1-dimensional diffusion
mechanism to locate their promoter region [81, 82, 206]. If more than one
RNAP was occupied with locating their promoters one might expect a similar
collision to occur on the template. No such event was observed, and as such
stalling is a direct consequence of having two distinct promoters situated on a

single DNA template, and subsequent interference between their two RNAPs.

A large decrease in the inter-RNAP distance suggests that one or both RNAPs
begin to transcribe towards each other (in the convergent case), until they
begin to become a hindrance to each other and stall against each other. These
findings are supported by the work of Crampton et al. using a similar template
[47]. Of the templates containing two polymerases, a significant number were
observed in very close proximity to each other. This was interpreted as the

molecules colliding with each other and subsequently stalling.

The method of analysis used in this study is limited to studying only the
movements of RNAPs on the template, during which both RNAPs remain on the
chain after interacting. As such, the complexes under investigation in this study
represent one potential outcome to the collision. It is possible that one or both
RNAPs may become detached after interacting. Sneppen et al. modelled the
interaction of RNAPs originating from convergent promoters, and discovered
that the in vivo results into transcription interference of Callen et al. are best
explained if one RNAP is knocked off in the collision [30, 190]. However, other
in vitro studies showed that colliding RNAPs in a co-aligned case can act
together to remove obstacles such as protein roadblocks, with an elongating
RNAP being able to rescue a stalled complex by “shunting” it from the rear. In

these cases both RNAPs were observed to remain on the template [63, 64].

It appears that the direction of the promoter has no effect on the RNAP
separation after transcription has occurred. Both head-on (pDSU) and rear-end
(pDSP) collisions result in similar distributions, implying that a collision event

always resulted in the eventual stalling of the complexes.

183



Chapter 5 Transcription Interference

When a collision in pDSU was initiated by a two-step process, via the formation
of a stalled intermediate, the inter-RNAP measurements suggested that a
significant number of RNAPs remained stuck at their stall sites. In fact, the
distribution indicated that almost half of complexes displayed a separation that
was typical of the expected distance between the two stall sites (see Figure
5-12a two-step case). Of CCs formed in this way 45 % displayed a separation
applicable to the distance between the two stall sites. Kommisaorova and
Kashlev observed similar elongation complexes that remained particularly
sensitive to certain stall sites and became what they termed arrested-complexes
[110]. If the probability of both RNAPs remaining irreversibly stalled is 45 %,
then the chance of either RNAP re-initiating (P) can be worked out by solving (1
- P)(1 - P) = 0.45, which gives value for P of 0.33. Hence, the probability of both
RNAPs being able to continue transcribing the template is thus P? = 0.11, and
the chance of only one re-initiating is 2(P x (1 - P)) = 0.44. Thus, in complexes
that were able to move away from their stall sites and undergo a collision, the
interaction occurs predominantly between a transcribing RNAP and one that
remains stationary (0.44/0.55 = 0.80), where 0.55 represents the fraction of
complexes where at least one RNAP is not irreversibly stalled. In the case of the
tandem pDSP arrangement it is expected that SD-EC interactions will be the only
form of TI possible. If neither RNAP were to stall then we would expect to observe
bare templates alone, as they should both travel along the template in the same
direction and run of the end. We can surmise that collisions are caused by the
leading RNAP either failing to move away from its promoter or stalling downstream
of the site, thus acting as a SD. The second RNAP then travels along and hits it,
causing both RNAPs to stall in close proximity to each other.
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F P

Figure 5-22. Summary of collisions between RNAPs firing from two convergent

promoters. RNAPs at the promoter are shown in green, elongating RNAPs in blue and
stalled RNAPs in red. In the 1-step reaction collisions can occur between an elongating
complex and an RNAP that is still engaged with initiation at the promoter. Collisions
between two elongating complexes are also possible. In the 2-step reaction most
collisions occur between an RNAP that is permanently stuck at a stall site and a single

elongating RNAP. Collisions between two elongating complexes are rarer.

In the 1-step process it is also possible for collisions to occur between an RNAP that
is situated at the promoter and a transcribing RNAP. Such complexes were termed
sitting ducks (SDs) by Callen et al. [30]. A sitting duck is prone to being hit and
dislodged by the arrival of an elongation complex "fired" from a second promoter. It
should also be likely that there will be more collisions between two elongating
RNAPs than in the two-step process, as a large proportion of stalled complexes fail
to re-fire, and thus function as a sitting duck. In the 1-step case RNAPs do not show
a propensity to stall at particular sequences, and are observed across the inter-

promoter region. A summary of types of collision is shown in Figure 5-22.
5.5.3 Arm-Lengths

Considering first the measurements of the two arm lengths for pDSU only
(convergent case), an interesting observation is that once a collision occurred, the
long arm was seen to move to higher values, whilst perhaps more significantly the
short arm shifted to lower values. These observations must be connected. The long
arm observations are consistent with the RNAP moving in the direction expected of
transcription. However the movement observed in the short arm is at odds with the
direction needed to form a transcript. These observations allow us to elucidate an

outcome of collision induced backtracking (See Figure 5-23) .
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These are similar to the results observed by Crampton et al. [47]. In a two-step
process whereby transcribing complexes were initially stalled by nucleotide
omission and subsequently elongated by adding the missing NTP, contour
length distributions taken before and after the addition of the missing
nucleotide displayed different distributions over time. The short arm became
progressively shorter over the time period studied, whilst the long arm length
distribution became broader, with a greater number exhibiting ever longer arm
lengths. The interpretation of this data was that one polymerase transcribes

into the other and pushes it backwards along the template.
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Figure 5-23. Schematic diagram of how backtracked CCs appeared. Collision induced
backtracking of one RNAP results in a reduction in the short arm and a lengthening of the

long arm.

Backtracking, or the reverse sliding of the elongation complex, is commonly
seen in vitro after nucleotide mis-incorporation, and as a response to
transcriptional pausing or arrest [110]. During backtracking, the RNA transcript
is reverse-threaded, resulting in the loss of the 3’ RNA terminus from the
enzymes catalytic centre. Reactivation requires special factors, which induce
the cleavage of the 3’ end of the nascent transcript, thus generating a new
terminal in the catalytic site. GreA and GreB are examples of such factors in
bacteria, whilst TFIIS assumes this role in eukaryotes [65, 99, 195]. The lack of
any such factors in our experiment might mean that any backtracked complex

would be unable to re-initiate. It has also been suggested that backtracking is
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reversible, if the enzyme can oscillate between an inactive and active state
[109]. However spontaneous backtracking due to such events as nucleotide
misincorporation are much smaller (around five bases) than the amounts we
observe [181]. As the backtracking occurs by a different mechanism (induced
by a collision), and the two RNAPs are often observed towards one end of the

template it is likely to be irreversible.

For the tandem pDSP template, a reduction of short arm length was also
observed. Rather than being indicative of backtracking, as in the convergent
case, it is actually the RNAP associated with the short arm promoter moving in
the direction expected for transcription. The shapes of the distributions are
similar to pDSU and roughly monomodal. There is however a spike in the long-
arm distribution. This is in a region near to the long-arm promoter, and likely
represents complexes that had failed to fire. Such stalled RNAPs would never
experience interference from another RNAP, as their relative separations
should increase. No such spikes in the distribution are observed in the
convergent case, because if one RNAP is stationary it is very likely to be hit by
another RNAP that is active and travelling in the opposite direction, before
being pushed backwards away from it’s promoter. The spike seen in the tandem
arrangement is representative of RNAPs that have not travelled far enough to
influence the other RNAP. As such, for two RNAPs to still be bound they would
have to both be in an arrested state. Stalling appears possible, and the

stationary RNAP could act as a barrier to other transcribing complexes.

Most of the previous studies into collisions between RNAPs have taken place on
DNA templates from which multiple RNAPs initiate transcription from a single
promoter [39, 63, 64, 170, 202]. Hence, collisions arise through an arrested
complex being hit from behind by an elongating RNAP. It has been shown that
RNAPs transcribing along a DNA chain can act cooperatively to rescue stalled
complexes or remove obstacles (road-blocks) such as transcription factors [63,
64]. Hence, steric interactions between RNAPs are closely linked to the
efficiency of gene expression. In a head-on collision, as in the pDSU experiment,
one might expect different end results. Rather than having a cooperative

effective the “shunting” of one RNAP would lead to the loss of gene expression.
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This appears to happen in complexes that were observed to backtrack, as one
RNAP is still able to continue moving in the 5’'— 3’ direction necessary for RNA

production.

In a previous study it was suggested that T7 and T3 RNAP approaching one
another on the same DNA are able to pass each other [124]. This could be
achieved by temporarily releasing their non-template strand, whilst
maintaining an association with the template strand. If this mechanism was to
occur in vivo in nested genes then it would allow expression of both host and
nested genes. However, such single-subunit RNAPs are much smaller than the
large multi-subunit E. Coli RNAP used in the present study (99 kDa vs. 378 kDa),
and could behave rather differently. The common occurrence of backtracking
and the large bias in location of RNAPs towards the ends of the chain, coupled
with the small separation, suggests that passing of E. Coli RNAP in our

experiments is highly unlikely, if not impossible.

5.5.4 Numerical Analysis

The average total contour length of the DNA templates displayed an increase
during the development from OPC to an actively transcribing and colliding
complex (e.g. for pDSU from 330 nm to 382 nm). The reduced wrapping can be
attributed to the loss of contacts between the DNA and polymerase during the

transition from initiation to elongation [168].

In order to directly compare the differences in arm length on maturation to an
actively transcribing complex it becomes necessary to take into account the
differences in DNA wrapping. To this end, the arm measurements were
converted into fractions of the total contour length. This allows us to better
investigate the phenomena of collision induced backtracking. The average
fractional arm lengths observed for the OPCs were taken as a starting point for
each RNAP, and CCs were classified as having backtracked if the fractional
values for their short-arm lengths were less than the OPC case (taking errors
into account). Backtracking appeared to be fairly common for pDSU with

around 47 % of complexes displaying the phenomena. This rises to 81 % for
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pDSP but is not actually backtracking, but rather the shortening of the short
arm that would hand-in-hand with the occurrence of transcription. The average
distance that the RNAP travelled towards the template end, from the short-arm
promoter was found to be 23 nm for pDSU (backtracking in convergent
transcription) and 38 nm for pDSP (movement of the front RNAP in the tandem

case).

The positions of the RNAP on the template (from arm length measurements)
were compared with the inter-RNAP distance. This revealed three main classes
of collided complex: (1) those that were situated in the inter-promoter zone in
the middle of the template, (2) those that displayed backtracking of one RNAP
and had two RNAPs in close proximity to each other, (3) those that displayed
apparent backtracking of one RNAP but whose neighbouring polymerase was
situated much further back on the template, with a separation greater than the
original distance between the promoters. These are summarised for both

templates in Figure 5-24.
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Figure 5-24. After collision, three main classes of CCs were observed for (a) pDSU and (b)
pDSP. These results are summarised in schematic diagrams, together with the relative
frequencies of each, and their average separations. Next to the each case are software

zooms of individual collided complexes typical of each group.

Those situated in the central region of the template (i.e. not backtracked)
represented around 53 % of the total number of collided complexes for pDSU
and 20 % for pDSP. The average separation of the two polymerases was 56 * 8
nm for pDSU and 52 + 6 nm for pDSP, raising the possibility that a collision did
not occur in these cases and that the RNAP have both stalled at a distance.
Another possibility is that a collision event occurs and that these are the

average recoil positions of two RNAPs. For pDSP, this class represent RNAPs
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that are situated at a short-arm promoter that have been collided into from
behind by another RNAP. In such a collision the other RNAP appears unable to
dislodge the promoter-bound polymerase. This may indicate that RNAP is more

readily pushed backwards than forwards.

The second class of collided complex (those displaying backtracking with small
separations) represented around 29 % of those complexes imaged for pDSU.
For pDSP 56 % of complexes displayed a small separation and a similar
movement towards the short arm end. The average separations were found to
be 39 # 3 nm, and 50 = 2 nm respectively. This is very similar to the first group,
suggesting that both classes of complex represent the aftermath of colliding

complexes.

There is an interesting third class that was not uncommon (18 %) for pDSU.
These complexes displayed apparent backtracking but also had a very large
inter-RNAP distance. Their average separation was 156 + 7 nm, which is large
when compared not only with the more common class of backtracking (39 nm),
but also the initial distance observed in the OPCs (90 nm). This class was also
observed in pDSP with a frequency of 24 %, and a separation of 144 * 8 nm.
This was relatively common and manifested itself as a peak in the inter-RNAP
distribution (see Figure 5-18 CC). With regard to the tandem promoter
arrangement this class is easier to explain, and appears to be the result of
RNAPs from the long arm either failing to fire or stalling, while the RNAP from

the short arm promoter transcribes a certain distance away from the promoter.

For the convergent pDSU template, it is unclear whether these represent an
actual collision outcome, or were simply non-specifically bound RNAPs. If a
collision was responsible it would appear that such an outcome leads to one
RNAP becoming stalled at the point of impact, whilst the other receives a major
push back or recoil along the template, leading to a large separation. In studies
into simultaneous transcription by multiple RNAP II molecules, it was observed
that the stalling of the leading RNAP and subsequent rear-end collision can lead

to substantial backtracking of the trailing molecule (~20 - 25 nt) [170].
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[t is possible that these three scenarios represent different snap-shots in time of
the same event. They may also represent the aftermaths of different kinds of
collision. For pDSU it seems sensible to suggest that those RNAPs stalled in the
central region represent a collision event between two complexes engaged in
active elongations. The fact that so many of the collided complexes are situated
toward one end of the template could be indicative of collisions between an EC

and a SD still bound at the promoter.

5.6 Conclusions

This chapter studies the outcome of two RNAPs actively transcribing the same
region of DNA. Both tandem and convergent promoter arrangements were
investigated, and it was shown that collisions between RNAPs led to similar
outcomes in both cases i.e. RNAP stalling. It appears that such transcriptional
interference can lead to the halting of both RNAPs. As such, gene expression
levels would be fundamentally altered. It is conceivable that in vivo there would

be certain mechanisms that would act to re-initiate these arrested complexes.

Measurements, as to how the positions of the RNAPs on the template developed
during the reaction, helped to confirm that in the convergent promoter
arrangement one RNAP could cause the other to backtrack. Such observations
demonstrate that nested genes and the resulting convergent transcription
would have a fundamental role in gene expression. Chatterjee et al. postulated
that convergent, over-lapping genes provide a unique mechanism of gene
regulation [36]. By using modelling and experimental approaches they were
able to show that convergent transcription in the prgX/prgQ operon was
regulated by a combination of collision-induced TI, and anti-sense regulation

through RNA:RNA interactions between complementary transcripts.

With regard to the tandem promoter arrangement we also observed
movements towards one end of the template. As backtracking in pDSU
demonstrates that one RNAP can push another along the template, it seems
feasible to suggest that a transcribing RNAP originating from upstream can

push on another RNAP. Such shunting has been observed previously [63, 64]. As
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a significant number remain near the short arm promoter, it may be possible
that the increased wrapping associated with an OPC can prevent it from being

dislodged as easily as an elongation complex that is stalled.

A number of scenarios exist for the collision between the two RNAPs [183]. For
example, there could be collisions between an actively transcribing elongation
complex (EC) and an RNAP that is still at the promoter in the initiation stage.
We observed three main classes of CC for both pDSU and pDSP. It is possible
that they represent different collision scenarios, e.g. “sitting duck” TI or

collisions between two ECs.

This current analysis is limited to polymerases that remain attached to the
template after collision. However, it is possible that other scenarios exist. It is
feasible that the collision could be of a force large enough to knock one or both
RNAPs off the template. However, overall a significant number remain template
bound after the event, suggesting that these outcomes are fundamental to the

mechanics of transcriptional interference, in vitro at least.
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6 Discrimination of collision outcomes in convergent
transcription using single-stranded DNA loop end-labelled

DNA templates

6.1 Introduction to DNA labelling

We have been able to identify a number of collision outcomes between RNAPs
travelling in opposite directions as in convergent transcription, however the
approach taken in the previous chapter does have a major limitation. Whilst it is
possible to identify promoter-bound RNAPs fairly easily, due to the initial
template asymmetry and a small spread of position, once the RNAPs fire from
their respective promoters and begin to interact with one another, it becomes
increasingly difficult to identify which protein belonged to which promoter. As
such, measurements of RNAP position identified as being of the short arm may
actually belong to the promoter on the long arm and vice versa, meaning that

certain collision events may have been obscured.

We aimed to further understand collisions between convergently aligned
promoters using a similar approach to before, with the notable exception that
we used a DNA template that was labelled at a single end. This allows
unequivocal identification of RNAPs belonging to their respective promoters,
with a proviso that assumes that the two RNAPs are unable to pass each other,
which is the most likely scenario from the work on the unlabelled templates in
Chapter 5, whereby RNAPs were observed stalled against each other. As AFM
typically provides a visual or topographical representation of a molecule if
recognition imaging methods are not used, any label must be identifiable by the

difference in size of its feature relative to dsDNA.

Linear DNA has previously been end-labelled by incorporating biotinylated

nucleotide tri-phosphates (NTPs) into the chain, which can then be complexed
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with the protein streptavidin [142, 146, 180], or a streptavidin-gold conjugate
[182]. A drawback of using these techniques with AFM arises because these
labels can affect the binding of the DNA complex to the surface. If non-specific
protein-protein interactions occur between the end-label protein and the
enzyme of interest, they will influence the conformation of the DNA rendering
determination of the relative positions of multiple proteins through
morphological identification alone difficult. Protein-protein interactions are
affected by salt concentrations [185] and deposition of DNA-protein complexes
for AFM is often carried out in low ionic strength buffers where non-specific

interactions may be more dominant.

A nucleic acid based label is more desirable since it has the same surface
chemistry as the DNA template and therefore does not influence the binding of
DNA-protein complexes to the surface. One such approach for labelling
sequence-specific regions in the interior of a DNA plasmid has utilised DNA
stem-loops, where the loop hybridises with a specific sequence in the dsDNA to
form a DNA triplex [66, 74]. Different sized stems, one of 200 bps and one of
500 bps were utilised as the labels protruding from the plasmid to determine
polarity. This method was optimised for electron microscopy rather than
atomic force microscopy and is ideal for circular DNA since triplex formation
can be stabilised by DNA supercoiling [129]. However, the sensitivity of triplex
formation to supercoiling makes this approach unsuitable for linear DNA

molecules.

In this case, we utilise DNA stem-loops to end-label the template. We describe
different methods of achieving such an arrangement. By end-labelling dsDNA
templates with a single-stranded DNA loop, the polarity of the molecules can be
established in the AFM. This approach was applied to convergently transcribing
RNAPs as a basic in vitro model of nested genes, in similar fashion to the pDSU
work in Chapter 5. It allowed much better discrimination between outcomes of
collision events on single DNA molecules, and importantly it enabled a
quantitative comparison of the relative frequencies of the outcomes and

distributions of inter-RNAP separation after the collisions.
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6.2 Ligation-based labelling

6.2.1 Introduction to approach and structures used

The first approach we took towards end-labelling of the template involved the
ligating of small oligonucleotides to the end of the pDSU linear DNA fragment
(containing the two convergently aligned promoters on opposite DNA strands).
The oligonucleotides have been designed in such a way that if they are
denatured, certain regions of the single strands will form base-pair interactions
with themselves, and the molecule will then fold up to form secondary
structures (see Figure 6-1). Forming a stem loop requires the presence of
inverted repeats, where a given sequence is followed soon after by the
complementary sequence in opposite orientation. It was expected that these
structures will have a different morphology to the standard DNA backbone
when visualised with AFM, thus allowing the identification of which end they

had been attached to.

(a) DNA Inverted repeats (b) Denaturing
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Figure 6-1. Example of how DNA stem-loops can form. (a) This requires the presence of
inverted repeats on the same DNA strand. (b) If the double-stranded structure is
denatured then single-stranded DNA becomes more flexible. (c) The complementary
regions will base pair forming the stem of the structure, whilst the region in between the

inverted repeats becomes a single-stranded loop.
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This approach requires the use of DNA ligases. These are enzymes that can
repair breaks in DNA chains. They are able to take two ends of DNA and
covalently connect the phosphate-sugar backbone to form a continuous chain
via a phosphodiester linkage. Two types of chain end can be ligated: blunt, and
sticky, in addition to the repair of single-stranded nicks in the interior of the
DNA chain. In vivo, DNA ligase is involved in DNA repair, in addition to
replication, where it acts to join fragments that were formed after incorrectly
inserted nucleotides are removed by exonucleases. They are also used

extensively for creating recombinant DNA sequences.

Sticky end ligations are particularly efficient because the complementary ends
will preferentially fit together, since the over-lapping complementary
sequences base-pair through hydrogen bonding. Blunt end ligations are also
possible, but are more difficult and require different reaction conditions.
However, they can be useful as they allow the recombining of any DNA
fragments. DNA ligase can also fix nicks in the chain backbone where only a
single strand is broken. We used two different types of ligase: T4 DNA ligase
which is able to join both blunt and sticky ends, and E. Coli DNA ligase which

can only join sticky ends.

We initially designed three different oligonucleotides, with a view for use as
labels (see Figure 6-2 for structures). Two were designed to fold up into stem-
loops, whilst the other was expected to form a cruciform. All three structures
were designed such that distal regions of complementary bases can form double
stranded regions (inverted repeats). This leaves regions in the middle that
cannot base-pair. These single-stranded regions are expected to have much
greater flexibility forming loop structures. The complementary regions mainly
consist of G and C bases in order to impart greater stability into the structure (G
and C pair through three hydrogen bonds). These are designed not simply as
strings of one G or C, but slightly more irregular with some interruptions by A
or T bases. This should make it more likely that the molecule will fold into a
defined structure, and prevent misaligning of certain regions. The flexible,
single-strand parts consist of strings of A bases only. Both stem-loop forming

oligonucleotides were 54 bp in length, but differed in the size of their loops. One
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consisted of 12 nucleotides whilst the other contained 26, with each also having
a corresponding difference in the size of the stem. Cruciforms also arise as a
consequence of intra-strand base pairing but consist of two or more stem-loop
structures. The cruciform we designed was 70 bp in size, and consisted of three

loop structures. Each stem was made up of 7 bp, and the loop part consisted of

four A bases.
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Figure 6-2.The three structures designed to end-label the template, as predicted by DNA
secondary structure prediction tools. (a) Loop 1: Stem-loop consisting of a 12 string of A
bases. (b) Loop 2: Stem-loop containing a larger loop consisting of 26 A bases. (c)
Cruciform 1: DNA cruciform consisting of stems of 7 base pairs and loops of four A bases.
At the 5’ end of each chain is the sequence GATC that will allow the loops to be attached to

the main template by ligation.

6.2.2 AFM of small oligonucletides

To investigate the structure of the end structures we attempted to visualise
their morphology with AFM. This involved an initial stage of secondary
structure formation, in which each oligonucleotide was heated to 95 °C to
denature the double-stranded structure, before the mix was then cooled slowly
to encourage the chain to fold up. DNA solutions of around 1 nM concentration
were prepared for imaging. All three structures appeared globular in the AFM

(Figure 6-3). The general absence of any linear forms appears to indicate that
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the chains were able to fold up. It was difficult to assess the structures by AFM
because they were all globular, suggesting that not only had the stems formed,
but other higher order interactions were occurring, i.e. tertiary or quaternary
interactions. Since the oligonucleotides are relatively small in length, folding up
into 3D structures can make the molecules more prone to being affected by tip
convolution effects. However, other fairly small dsDNA samples (200 bp)

imaged in previous chapters were easily identified as having a linear form.

We checked the possibility that the features observed were impurities by
depositing the imaging buffer alone onto a mica substrate, without addition of
DNA. In such case, the images were featureless and appeared identical to a clean
background mica surface. Thus we can conclude that the globular features

observed were of the oligonucleotides.

We compared the three different structures: the stem-loops (Figure 6-3a and
Figure 6-3b) appeared slightly more elongated than the cruciform, which
appeared almost circular (Figure 6-3c). Slightly larger structures were observed
in the stem-loop samples, where it appeared that a number of molecules had
aggregated. The longer stem structures in these molecules may enable multiple
chains to form base-pairing interactions with each other. The CTAG 5’ overhang
of each structure means that individual ends of the molecules are
complementary, and that they can base pair together with each other to form

dimers. Evidence of this dimerisation is shown in Figure 6-3d.

The diameter across the longest side of each of the features was also measured,
with Loop 1 having an average diameter of 14.1 + 0.5 nm and Loop 2 being 24 *
1 nm. Molecules that had appeared to have formed dimers or larger aggregates
were discounted from the analysis. As might be expected, the loop with the
largest single-stranded A region appeared larger. The cruciform appeared
slightly smaller than the loops with an average diameter of 10.3 * 0.4 nm. These
measurements suggest that the size of the observed feature is governed by the
length of the unpaired region, and hence how flexible the molecule is. The fact
that the two loop structures had different diameters indicates that the observed

features under AFM are those of the folded secondary structure. If they existed
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as dsDNA of 54 bp long then the size of each fragment would be similar in each

case (~18 nm).

(a) Loop 1 (b) Loop 2 (c) Cruciform

‘=EYEFE

Figure 6-3. AFM images of the three different structures proposed for use in end-
labelling. (a) Loop 1: stem with a loop of 12 nucleotides. (b) Loop 2: Stem with a loop of
26 nucleotides. (c) DNA cruciform. Each image is 500 nm x 500 nm. (d) Individual
software zooms of Loop 2. The molecule has a morphology comprised of two distinct

regions, suggesting that the structures are able to form dimers.

6.2.3 Strategy for ligation-based labelling

To be effective as end-labels, there must be an efficient strategy to attach these
DNA secondary structures to the template strand. To this end we used a
ligation-based approach. As sticky end ligations are more efficient than blunt
end ones, we looked at ways to produce single-stranded tails at the chain ends
of the convergent transcription template that would be complementary to the
single-stranded over-hang on the labels. This was achieved through a two-step
process involving PCR and restriction nuclease digestion. The purpose of the
PCR step is two-fold. It allows the template region to be amplified to provide a
large amount of starting material, but it also enabled additional sequences to be
added to the end of the template to aid functionalisation. Restriction digestion
of the PCR generated fragment can then leave a single-strand extension at one

end. The labelling loop structures were designed to contain a single-stranded
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tail, complementary to the overhang on the DNA template. The two molecules

then underwent the ligation process. Figure 6-4 summarises the entire process.

Oligonucleotide Denaturing
EH EBa —
|
Cooling
~
Ligation of two fragments
PCR generated fragment BamH1 Digestion

=

Figure 6-4. Schematic diagram showing how labelling was performed using an
oligonucleotide and a PCR-generated fragment as starting material. In short, the two
different fragments are ligated together through complementary sequences at the end of
each fragment, leading to a loop structure at just a single end. Complementary sequences

are indicated by regions of the same colour.

The PCR was performed on the pDSU plasmid using forward and reverse
primers that were complementary to sequences flanking the two promoters.
These were designed such that the region to be amplified would be identical to
the linear fragment produced from direct enzymatic digestion of the plasmid
used in the previous chapter. In addition to sequences complementary to the
plasmid, the forward primer was designed with additional bases that
subsequently get incorporated into the very end of the amplified fragment. The
additional sequence comprised of GGTGGATCC. The bases in bold type
represent the base sequence recognised by the restriction nuclease BamHI. If
the PCR generated fragment is subjected to digestion by this nuclease then the
result would be a single-stranded overhang of GATC on the 5" DNA end. The
three additional bases (GGT) at the beginning of the primer were added as
BamHI needs some flanking DNA to recognise its target sequence. It can be
difficult to achieve effective digestion of DNA if the target sequence is near the

end of linear DNA, and the extra three bases make the reaction more efficient.
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Practically the PCR reaction was performed using the GoTaq Hot Start
Polymerase kit (Promega) by making up a 50 pl solution containing the heat
resistant Taq polymerase (1.0 U), template DNA (3 ng), dNTP mix (0.2 mM of
each dNTP), and MgCl: (4.0 mM). Also added to this were 10 ng of the template
pDSU plasmid and 0.4 uM of forward and reverse primers. The reaction mix was
then placed in a thermal cycler and 30 PCR cycles of denaturing (95 °C for 30s),
annealing (55 °C for 60 s), and extension (72 °C for 60 s) were performed. The
DNA fragments were purified using the QIAquick PCR purification Kit (Qiagen,

Valencia, CA), as was described previously.

To digest the end of the PCR generated fragment, thus leaving a single-stranded
tail, restriction endonuclease BamHI (Roche) was used as per the
manufacturer’s instruction. Around 1 pg of DNA was digested at a time, and the
reaction mix was incubated at 37 °C. To overcome the potential difficulties of
digesting a site close to the chain terminus, the incubation time was lengthened
to 10 hours. The digested DNA was subsequently purified using the QiaQuick
PCR purification kit (Qiagen), in order to remove BamH1 enzyme and other

impurities.

To facilitate effective ligation of the two fragments, an extra sequence of bases
(GATC) was added to the 5’ end of each loop structure. As such, both fragments
have overhangs that are complementary to each other (sticky ends). The loop
structures were encouraged to form using the following process. The solution
was heated at 95 °C for 2 minutes to break the hydrogen bonds in the double-
helix, leading to denaturing of any double-stranded oligonucleotides. The
solution was then cooled down slowly at a rate of 1 °C per minute to below the
DNA melting temperature. This encourages the single-stranded molecules to
form base pairs between distal sites, and ultimately fold up into the expected

secondary structures that we intend to use for labelling.

Initially E. Coli DNA ligase (New England Biolabs) was used to attempt to attach
the loop structures to the digested template. An excess of the loop structure
(6:1) was added to the template in an attempt to get the labelling reaction to

dominate over dimerisation of the loops. The overall concentration of DNA used
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was 5-10 pg ml-L. The reaction mix was incubated at 16° C for optimal ligation

overnight.

Another method of attaching the oligonucleotides to the pDSU template was
attempted using T4 DNA ligase (Promega). This was thought to be quicker and
more efficient. Again, a 6:1 molar ratio of labelling oligonucleotide to template
was used, and the reactions were incubated at room temperature for 4 hours
according to the manufacturer’s protocol. Although T4 ligase can join blunt-
ends together, this kind of reaction is generally more efficient at temperatures
between 15-20 °C, in addition to needing a longer incubation time. As such, it is
expected that sticky-end ligations should be more likely in the reaction

conditions used here.
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Figure 6-5. (a) Gel showing aftermath of ligation reactions. (1): 100 bp ladder. (2):
Control DNA 1149 bp that hadn’t been used in a ligation reaction. (3) Ligation of DNA and
cruciform. The band appears similar to the control. (4) Ligation of DNA and loop 1. (5)
Ligation of DNA and loop 2. These bands appear broader than the control, suggesting
they may contain multiple components (labelled and unlabelled DNA). (b) Cross-sections

through the bands were taken and plotted as intensities.

All ligation reactions were subsequently investigated using agarose gel
electrophoresis (see Figure 6-5a for example). For all ligation reactions, a band

around 1100 bps was observed. It was hoped that it would be possible to
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distinguish between fragments representing successful ligation reactions and
those that remained unlabelled. The additional loop structure might mean that
this species would run slower through the gel and that the two components
might separate into two bands. It appears though that the difference in size
between the two components is not sufficient to be resolved on an agarose gel.
However, when the components were run on a large gel for an extended period
of time (~ 6 hours), the bands relating to the two stem-loop labelled fragments
were observed to broaden slightly, perhaps indicating that the two fragments
(labelled and unlabelled) were beginning to separate. Such an effect was not
observed in the cruciform labelled fragment. Cross-sections through the gel
bands were taken and plotted using the Image] image analysis software (Figure
6-5b). The full widths at half maximum were taken from these plots, and found
to be equal to 33.33 for the bare fragment, 51.23 for the DNA plus the smaller
loop, 53.36 for the DNA plus the large loop, and 32.01 for DNA plus the
cruciform (units are arbitrary units of area used by the program). From these
measurements it would appear plausible that the increased width of the two

loop bands could be explained by the fact that it consists of two components.

We also observed a fainter band that was around twice the size of the
convergent transcription template. This occurs through dimerisation of the
template chains. The BamH1 digestion leaves an overhang of GATC. As such the
ends of two strands can act as inverted repeats. The ligase would then act to
join these complementary sequences of the PCR generated fragments. Although
these dimers indicate that the ligation reaction was working correctly, such

superfluous fragments reduce the efficiency of the labelling reaction.

6.2.4 AFM of ligated fragments

The band around 1100 bp was excised from the gel and purified using the gel
extraction kit. The resulting complexes were diluted into standard imaging
buffer containing Mg(Il) ions. Each sample was imaged, and a number of
interesting features were observed at a single chain end for the two stem-loop

containing samples. These globular features appeared at just a single chain end
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and were wider than the chain backbone. No such features were observed for
the cruciform-labelled fragment, suggesting that either the ligation did not work
in this case, or that the AFM could not detect these features. Examples of each
kind of labelled fragment are shown in Figure 6-6. The longitudinal diameter of
these features along the chain backbone was measured and the average of
which was found to be 14.1 + 0.5 nm and 23 * 1 nm for the small loop (12
bases) and large loop (26 bases) respectively. Clear and consistent differences
between the two sizes and the correspondence of these DNA end-features to the
size of the loop structures when imaged separately (Section 6.2.2), demonstrate
that these labelling strategies were successful, ruling out other anomalies, such

as protein impurities.

(a) Control DNA (b) Cruciform

(c) Small Loop (d) Large Loop

Figure 6-6. Montage showing individual software zooms of different ligation reactions.

(a) Example of control DNA. (b) Cruciform: These appeared outwardly similar to the
control DNA. (c) Ligation of the small loop: On some molecules some globular features
appeared on a single chain end. (d) Large loop: Similar to the previous case some
molecules contained an end feature. These were larger in size, corresponding to an

increase in the number of nucleotides that are able to form the loop. Images are 300 nm?2.
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Although we observed some fragments where it appeared that the end-labelling
was successful for the two stem-loops, such molecules were in the minority. The
prevalence of DNA with a feature at one end was around 23 % for the small loop
and 22 % for the larger loop. Additionally, it did not appear possible to ligate a
cruciform to the convergent transcription fragment. A bulky structure
containing a number of different “arms” may disrupt the activity of the ligase
enzyme. The actual labelling process also requires three main stages: digestion
of the PCR-generated fragment, formation of the stem-loop or cruciform, and
the eventual ligation, together with purification after each step. After each stage
we would expect a reduction in the number of molecules which had successfully
completed the reaction, and thus still able to participate in effective labelling.
The relatively low yield of labelled molecules via this method of labelling meant

that it was not pursued further.
6.3 Attaching stem-loop via a single-cycle PCR approach

6.3.1 Protocol for labelling

With a view to increasing the yield of labelled molecules we attempted a new
labelling strategy, in which again we incorporated a DNA stem-loop into the
chain at a single end. In particular we aimed to simplify the manner in which the
loop structure could be attached. Here, we performed a single cycle of linear
PCR using a single primer designed to anneal at one end of the convergent
transcription template. The primer also contained additional nucleotides
designed to fold up to form a DNA stem-loop once cooled. Primer extension was
then performed to create a double stranded template with a loop feature at one
end. This method has the advantage that the new structure can be attached via a
single process, being both quicker and limiting the reduction in effective yield of

the multiple-step ligation process.

A single oligonucleotide stem-loop forming primer was used for single-cycle
linear PCR, having the sequence: GGCCCTGGAGGGAAAAAAAAAAAAAAAAAAAA
CCCTCCAGGGCCAAGCTTAGGTGAGAACATCC. The bold bases represent the

sequence that will anneal to the HindlIIl digested fragment of pDSU acting as
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primers for PCR, underlined sequences show inverted repeats that will
hybridise to each other to form a stem, whilst the italics show the unpaired loop
region. The oligonucleotide sequence was inputted into the MFold DNA
secondary structure prediction tool to check that it would fold into the
structure expected [224] (see Figure 6-7 for a schematic diagram of the end-

structure).
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Figure 6-7. Structure used for PCR-based end-labelling. After denaturing and cooling the
DNA folds to form a stem-loop. A single stranded tail region is complementary to the
template DNA and acts as a primer allowing the end-structure to be incorporated into the

main convergent transcription template.

The labelling process is summarised in Figure 6-8. The single-cycle PCR was
performed using the GoTaq Hot Start Polymerase kit (Promega) by making up a
50 pl solution containing the heat resistant Taq polymerase (2.5 U), template
DNA (300 fmol), dNTP mix (1.6 mM of each dNTP), and MgCl: (4.0 mM). An

excess of primer to template was used to encourage the labelling reaction to
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dominate over re-annealing. We experimented with a 10, 100 and 1000 molar

excess of primer over template.

A denaturing step of 98 °C for 10 minutes was initially performed, using all the
reagents except the NTPs and Taq. polymerase, to prevent them from being
damaged by the high heat. The higher than typical temperature and longer
denaturing time period to more conventional PCR reactions should guarantee
that the majority of the target was denatured, and also that the single stranded
regions diffuse away from their partner strands to discourage re-annealing. The
reaction mix was then immediately put on ice to encourage the stem-loop
structure to form and to further prevent re-annealing of the strands. At this
stage Taq polymerase and the NTP mix was added. Following this, annealing
was performed at 60 °C for 10 minutes, and extension at 72 °C for 15 minutes.
The PCR-generated fragments were purified using the QiaQuick PCR

Purification Kit (Qiagen, Valencia, CA), as per the manufactures instructions.

1. pDSU DNA template & primer 2. Denaturing (98 °C for 10 minutes)
— [— ] — [— ]
3. Rapid cooling
* ‘ (formation of stem-loop)
||
=
[ —
5. Extension (72 °C for 15 minutes) 4. Annealing (60 °C for 10 minutes)
= R =

Figure 6-8. Summary of method used to end-label DNA, utilising a PCR based approach.
Complementary base sequences are indicated by the same colour. The template is shown
in green, whilst the stem and loop are highlighted in blue and yellow respectively. The

region acting as a primer is shown in red.

The PCR reaction is intended to attach the stem-loop at a specific chain end.
With the promoter arrangement of the template DNA being asymmetric (Figure
6-9a) we can still define the distance from a promoter-bound RNAP to the chain
end as the long and short arms, the main difference being that there should be a
stem-loop at a single end. The stem-loop forming oligonucleotide has been
designed to attach at the end that was originally termed the long-arm in the

unlabelled reactions in Chapter 5 (Figure 6-9b).
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Figure 6-9. Schematic representation of the labelled template used in this study. It
contains two Apr promoters separated by 338 bases. The numbers underneath display
the number of base pairs present in certain regions of the template. Regions deficient in
C-bases are shown by hatching. The stem and loop are made up of 12 base-pairs and 20
unpaired nucleotides respectively. (b) Schematic representation of the measurements
taken during the analysis. The loop is situated on what is termed the long arm. By
studying how these distances change relative to the RNAPs during the reaction, it is

possible to infer what occurs during the collision.

6.3.2 Initial imaging of complexes

Attempts were made to attach a stem-loop structure to the convergent
transcription template, with the aim of end-labelling the chain and allowing
each RNAP to be better identified. Different molar ratios (1000:, 100:, and 10:1)
of primer to template DNA were used in order to investigate what might be
most efficient for the labelling reaction. Visualisation of the stem-loop end-
labelled DNA templates in the AFM, revealed a class of molecules that contained

a feature at one end of template (see Figure 6-10 for a montage).
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Figure 6-10. Montage showing software zooms of individual molecules with a globular

feature at one end: the stem-loop attached through the PCR reaction. Scale bars: 50 nm

long.

These appeared wider and often higher than the bulk of the DNA molecule and
appeared in various forms with a triangular shape being the most common (P =
0.55). Spherical (P = 0.37), and irregular or branched structures were also
observed (P = 0.08) (n = 84) (see Figure 6-11 for examples of classifications).
This shows that the loop structure has a certain degree of flexibility and can fold
into different morphologies. The appearance was similar to the end-features we

observed for some molecules in the ligation approach used previously.

(a) Triangular (P = 0.55) (a) Spherical (P =0.37) (c) Branched (P = 0.08)

Figure 6-11. Examples of the different morphologies of end-loop structures, together

with the relative occurrence of each class. Each molecule is traced out (red dashed line)

to better illustrate the difference in end structure. All images are 300 nm x 300 nm.

Attempts were made to qualify the success of the labelling reaction by

categorising complexes into three different groups: those with a globular
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feature at one end, those with no end feature, and those with two end features.
Table 6-1 shows the relative proportions of each class for the three PCR
reaction mixes containing different molar excesses of primer to template and a

control that had not undergone labelling.

Table 6-1. Comparison of different classes of DNA molecules observed for each
preparation mix and a control that had not undergone an end-labelling reaction. Under

the column headings is a software zoom of a representative molecule for each class.

Sample Fraction with Fraction  with Fraction  with n

no end feature  one end feature  two end features

e R

Control DNA 0.92 0.08 0 188
x 10 PCR 0.86 0.13 0.01 175
x 100 PCR 0.66 0.32 0.02 196
x 1000 PCR  0.50 0.48 0.02 319

If the fraction of molecules displaying a single feature at one end is a sign of how
successful the labelling reaction had been, the table above shows that as the
ratio of primer to template increases so does the efficiency of the process. With
an increase in primer concentration, there is a greater likelihood of binding at
the target sequence before the single-stranded regions are able to re-anneal. All
subsequent experiments were performed using a x 1000 molar excess of primer
in the reaction mix. It is possible that increasing the primer concentration
further would reduce the labelling efficiency as the loop structures become

unable to locate their target sequence.

Each AFM image contained a mixture of DNA that had a feature at the end of the
chain and those that appeared to be unlabelled DNA (see Figure 6-12). Using the
protocol described the number of end-labelled molecules observed in the x

1000 reaction mix was similar to those displaying no features (P = 0.48 versus P
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= 0.50, n =319). Templates displaying two distinct end features proved to be
rare (P = 0.02), and as such, unspecific labelling at the wrong end, i.e. the short
arm, was not a problem. As a control, pDSU template that had not undergone
end-labelling, had a much lower prevalence of molecules with an end feature (P
= 0.08). One might assume that the end feature would take the form of a ring
when visualised with AFM. The lack of an inner hole could be for a number of
reasons; insufficient imaging resolution due to the finite size of the AFM tip,
preferential retention of salts from the imaging buffer within the loop during
the sample preparation procedure, or non-specific interactions between the

single strands of DNA in the loop when confined on a 2D surface.

Figure 6-12. Example of a typical scan of the end-labelled DNA. Each image contained a
mix of labelled and unlabelled complexes. Molecules that have a feature at a single end

are marked by an asterisk.

To gain further proof that the end-labelling reaction had worked, and that the
observed features were not simply an effect of surface binding, contour length
measurements were taken for the individual classes from the same scans. The
average contour lengths for molecules that had no end-feature, and those that
had one at a single end, were 386 * 3 nm and 407 * 3 nm respectively. The
value for the unlabelled 1149 bp fragment (386 * 3 nm) correlates to a base
pair repeat of 0.336 nm, a value typical of B-form DNA. These observations
indicate that those templates with end-features represent the results of a

successful labelling reaction. Such labelling is characterised by an increase in
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contour length (see distributions in Figure 6-13). Interestingly, the control DNA
that appeared to have a feature at one end, but which had not gone through the
labelling reaction had an average contour length of 344 * 5 nm, significantly
shorter than the expected length. In this case the blob feature on the end of the
template is representative of truncated molecules, perhaps caused by some
form of DNA condensation. Such effects were prevalent for shorter linear DNA
fragments, especially under conditions of increasing humidity, as seen in

Chapter 4.
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Figure 6-13. Contour length distributions for (a) bare DNA (Average = 386 + 3 nm, n =
70), and (b) DNA with an end feature (Average = 407 * 3 nm, n = 74). It appears that the
labelling of the complex is characterised by an increase in total contour length, as

indicated by shifts in the distribution.
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The longitudinal distance measured separately across the end feature was 20.5
* 0.5 nm (Figure 6-14) and explains the extra contour length measured for
templates with a loop feature. The loops appear larger than might be expected
as the stem is only 12 base-pairs long which one might expect to increase the
size by only a few nm. Additionally, if it is assumed that the loop forms a
roughly circular structure, consisting of 20 bases each separated by 0.33 nm,
then this ring-structure would have a diameter of around 2 nm. However the
single-stranded loop has a greater degree of flexibility than double-stranded
regions, and as a result may be able to form varying secondary structures,
which coupled with tip-convolution effects lead to a larger than expected end-

feature.
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Figure 6-14. Distribution of diameter of the end-feature. The values are fitted to a
Gaussian distribution, corresponding to an average of 20.5 * 0.5 nm. This measurement
corresponds well with the extra contour length observed in molecules containing a

feature at one end.

Interestingly, the size of the PCR derived end-feature (20.5 + 0.5 nm) is in
between the results observed in the ligation-labelling approach, being 14.1 + 0.5

nm for the small loop and 23 * 1 nm for the larger. With the single-stranded
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region (the sequence expected to form the loop and enable labelling) being
constructed from 20 A bases in the present strategy and 12 and 26 bases in the
previous approach, the increasing measured size of the end-feature with the
number of bases is further proof that the labelling strategy has been successful.
It is suggested that as the single-stranded region increases in size so does the
area over which the loop is able to flex and therefore the larger the globular

feature at the chain end.

6.3.3 Convergent Transcription

Once it became apparent that it was possible to attach the loop feature, thus
labelling the molecule, the same labelled template was used to study convergent
transcription. The template contained two Apr promoters situated on opposite
strands and separated by 338 bp. DNA-RNAP complexes were formed that
represented different stages of the transcription cycle, by performing in-vitro
transcription reactions that used altered reagents in each case. Reactions were
performed using the same protocol as in the previous chapter. Complexes were

then bound to mica and imaged in ambient conditions with AFM.

.
- - |
r
4

Figure 6-15. Montage of single molecule software zooms depicting OPCs. The RNAPs are

identified as two globular features, much wider than the chain width, and separated by a
distance consistent with the inter-promoter length. Also visible is the loop feature at one

end of the template. Scale bars: 50 nm.
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In the first instance OPCs were formed, whereby DNA molecules containing
none, one, two or multiple (a result of unspecific binding) RNAPs were observed
under AFM. Of the complexes containing two RNAPs, the holoenzymes were
identified as being two equally sized globular structures situated in the central
region of the template. The loop was identified as being a much smaller globular
feature at a single chain-end. A montage of labelled DNA molecules containing
two RNAPs, characteristic of OPCs is shown in Figure 6-15. These contain

RNAPs bound in the position expected of the promoter.

As a consequence of the asymmetry of the template, it is possible to identify the
distinct promoters without the necessity of end-labelling. RNAPs are expected
to be situated in a narrow region around each promoter site. This allowed
another control experiment concerning the end-labelling to be carried out. As
the stem-loop is situated on the long-arm of the template, the other two
measurements (the short-arm and inter-RNAP distance) should be unaffected
by the presence of the stem-loop. In addition to this, of the end-labelled
complexes, the distance from the loop to its nearest RNAP should be the larger
of the two chain end to enzyme measurements. Table 6-2 summarises the
average values for the three main measurements, plus the contour length, for
both labelled and unlabelled complexes. As expected there is little difference in
the short-arm and inter-RNAP distances. The difference in the long-arm is 24
nm, which compares favourably with the measurements of the loop-feature
diameter (20.5 # 0.5 nm). Additionally, the loop feature was identified as being
on the long-arm in 86 % of complexes with two RNAPs bound. The remaining

complexes probably represent non-specific protein binding.

Relative to free DNA, the total contour length is reduced to 360 + 6 nm (a
reduction of 47 nm). This represents a reduction of 23.5 nm per bound RNAP.
This is consistent with a model of DNA wrapping observed in similar AFM
studies into E. Coli RNAP, and was similar to what was observed in the previous

chapter [168].
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Table 6-2. Comparison of length measurements for labelled and un-labelled OPCs

OPC Sample Short-Arm Inter-RNAP Long-Arm Contour

(nm) (nm) (nm) (Loop) (nm)  Length (nm)
Unlabelled 913 113 %6 127 +3 3314
Labelled 94 + 4 1157 1515 360 £6

Collisions between RNAPs were initiated by addition of NTPs into a solution
containing OPCs. The one-step approach of collision inducement was used with
the labelled fragment. This should enable the RNAPs to begin elongating, and
for complexes with two RNAPs bound to approach each other until they become
an obstacle to transcription. These collided complexes (CCs) were deposited
onto mica and imaged under AFM. A montage of such complexes is shown in
Figure 6-16. Qualitatively they looked different to the OPC case with the RNAPs
being in much closer proximity to each other. Such effects were also observed in
the unlabelled case. The number of molecules with an inter-RNAP distance
typical of OPCs was only around 10 %, suggesting that the majority of
complexes moved away from the initiation stage of transcription to begin

elongating.

Figure 6-16. Montage of single molecule software zooms depicting CCs. Here the RNAPs

appear much closer to each other. RNAPs in such close proximity were not observed

when imaging OPCs. The label can still be observed at one end. Scale bars: 50 nm.
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6.3.4 Analysis of contour lengths

The contour length along the DNA template between the centres of the two
RNAPs was measured for both OPCs and CCs. For the OPC case, the Gaussian
distribution is centred around 110 nm and is mono-modal (Figure 6-17a). This
suggests a single class of complex, where both RNAPs observed on the template
are always situated at the respective promoters. Once the NTPs are added and
the RNAPs begin to migrate towards each other, the distribution shifts to much
smaller separations (Figure 6-17b). There is a small shoulder in the distribution
(around 100-120 nm) that corresponds to complexes that failed to “fire” and

remained situated in the promoter region.
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Figure 6-17. Inter-RNAP measurements from (a) OPCs (n = 58) and (b) CCs (n =91). The
distribution for the OPC case is normal, and centred around 110 nm. This correlates with
the inter-promoter distance expected. After NTPs have been added, the distribution

shifts to much lower values, suggesting that collisions result in stalling.
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The distribution of inter RNAP distance was very similar to that observed when
the same in-vitro transcription experiments were performed using an

unlabelled template in the previous chapter.

One potential drawback of attaching a stem-loop to one end is that an RNAP
travelling towards the loop may be able to travel around the entire loop and to
begin transcribing in the opposite direction from which it started. This could
lead to a situation whereby multiple collision events could occur. The fact that
the inter-RNAP distributions are the same for the labelled and unlabelled cases
appears to confirm that reflection is not an issue, and those complexes that
undergo a collision event and remain bound to the template are unable to reach

the end of the template.
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Figure 6-18. Distribution of arms lengths for (a) OPCs (n = 58) and (b) CCs (n =91). The
short arm is shown in red and the longer loop arm in green. The distributions change
significantly from a narrow mono-modal shape in the OPC case, to a much broader shape

with bimodal distribution. Both arms display both an increase and a decrease in values.
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To compare the OPC and CC populations, the lengths of both chain ends to the
nearest RNAP were measured (Figure 6-18). Using this method, it is possible to
infer the results of the TI, effectively providing a snapshot in time of the
collision. There is a marked change in the distributions of arm lengths for CCs
(Figure 6-18b) compared with OPCs (Figure 6-18a). In the CC case both the
loop-arm and short-arm length distributions are broader, with each arm length
displaying shifts to both longer and shorter values, suggesting a correlation
between measurements on individual complexes. In addition, both arm lengths
shift from a mono-modal distribution to one that is bi-modal. A mono-modal
peak suggests that each RNAP exists in one particular state, whilst the shift to
two peaks suggests a change in behaviour for each RNAP. The switch to a bi-
modal distribution suggests that after a collision, the RNAP can exist in one of
two different positions, representing two possible outcomes. In one outcome,
the RNAP is able to increase its respective arm length, whilst a different event
causes the arm lengths to be reduced. These changes would correspond to
transcription and backtracking respectively, and are a definite effect of the

addition of NTPs, and hence interactions between two RNAPs on the template.
Numerical Analysis

The average total contour length of the DNA templates displayed an increase
during the development from OPC to an actively transcribing and colliding
complex (from 360 nm to 382 nm). Similar to the analysis performed in the
previous chapter, the arm measurements were converted into fractions of the
total contour length, allowing back-tracking to be assessed. The average
fractional arm lengths observed for the OPCs were taken as a starting point and
complexes were classified as having back-tracked if the fractional values for
their arm lengths were less than the OPC case (taking errors into account).
Back-tracking was found to be a common result of the collision with an 85 %
probability (n=91). Back-tracking was also fairly evenly split between RNAPs
initiated from the two promoters. Of the back-tracked molecules, 45 % back-
tracked past the promoter situated at the short arm, whilst 55 % back-tracked

past the long arm promoter with the stem-loop. Since both promoters are
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identical this is not unexpected, but the small difference could indicate slight

modulations arising from sequence dependent effects.

The fractional amount of the total contour length that each RNAP back-tracked
from each promoter was 0.12 for the promoter located on the short-arm and
0.19 for the promoter located on the long-arm containing the loop. It is
interesting to note that the amount of back-tracking is greater at the longest
arm. These values mean that the distance from each chain end to the closest
RNAP is similar in each case (being 244 bp for the short arm and 242 bp for the
long arm), implying that the terminus of the template may have some impact on
the stalling of complexes. The DNA is not anchored so the chain is free to bend
in space. Such flexing at the chain ends may provide a large amount of viscous

drag that may stall RNAPs at a certain point.

Only one complex was observed where both RNAPs moved backwards from
their respective promoters and appeared not to have interacted with each
other. This is most likely the result of unspecific binding. This is strong evidence
that the back-tracking of one RNAP is the result of the other one transcribing

into it, forcing it backwards.

With an end-labelled template, one can identify the specific promoter that an
RNAP originated from, thus enabling greater understanding of how one RNAP is
directly influenced by its neighbour. To this end, the positions of the RNAP on
the template (from arm length measurements) were compared with the inter-
RNAP distance. This revealed three main classes of collided complex: (1) those
that were situated in the inter-promoter zone in the middle of the template, (2)
those that displayed back-tracking and had two RNAPs in close proximity to
each other, (3) those that displayed back-tracking but whose neighbouring
polymerase was situated much further back on the template, with a separation
greater than the original distance between the promoters. These are
summarised in Figure 6-19. These three classes are identical to what was
observed previously, but knowledge of where each promoter is allows the

relative group frequency to be accurately defined.
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(1) RNAPs in central region (~15 %)

(2) Backtracking with small separation (~74 %)

| ) )
—

46.5+0.4nm

(3) Backtracking with large separation (~11 %)

149+ 9 nm

Figure 6-19. Numerical analysis of the positions of one RNAP relative to the other
revealed three main classes of complex. These are represented as cartoons roughly
depicting the RNAP positions. Also shown is the frequency of each class of complex and
their average separation. In the two cases where back-tracking occurs (2 and 3), the two
RNAPs are depicted moving past the promoter closest to the loop, but back-tracking was
seen to be roughly evenly split between each promoter. The RNAPs are shown as green

spheres, and approximate locations of the promoter are shown by red shading.

Those situated in the central region of the template, represented around 15 %
of the total number of collided complexes. The average separation of the two
polymerases was 48 + 8 nm, a value similar to the same group in the unlabelled
sample, indicating that the behaviour of RNAPs are similar for each case. The
final average movement away from the promoter was slightly different for each
promoter: 29 nm for the short-arm promoter and 40 nm for the loop-arm
promoter. This equates to around 90 and 120 nucleotides respectively, showing
that it is possible for RNAPs at either promoter to “fire” and become actively
elongating complexes. The relative frequencies of the positions of the RNAP in
the inter-promoter region showed that no particular promoter was biased, or

“fired” preferentially, as we may expect for identical promoters.
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Of the complexes situated in the central region, which RNAP travelled furthest
along the template before the expected point of collision was found to be
independent of which promoter it originated from. Out of these particular
complexes, in 53 % of cases the RNAP originating the loop arm promoter had
travelled the furthest before colliding with the other elongating complexes,
whilst in 47 % of cases the opposite was true and the short-arm promoter RNAP

travelled further, having presumably entered elongation first.

The second class of collided complex (those displaying backtracking with small
separations) represented the most widespread group; around 74 % of those
complexes imaged. The average separation was found to be 46.5 + 0.4 nm. This
is very similar to the first group, suggesting that both classes of complex
represent the aftermath of colliding complexes. Back-tracking past one or other
promoters was observed, with the average amount of back-tracking being 59 *
4 nm (~180 bp), upstream from either promoter. In the unlabelled case the
occurrence of this group of collided complex was only 29 %. This demonstrates
the advantages of labelling the complex in terms of better quantifying the

results of the collision. This effect is explained further in Section 6.4.3.

The third class represents complexes which displayed apparent back-tracking
of one RNAP but with a very large final inter-RNAP distance (11 %). Their
average separation was 149 + 9 nm, which is large when compared not only
with the more common class of back-tracking (46.5 # 0.4 nm), but also the
initial distance observed in the OPCs (94 * 4 nm). The average movement of the
non-back-tracked RNAP away from its own promoter was around 50 + 4 nm,
whilst the other RNAP was found to be backtracked by 60 + 9 nm. This value is
comparable with the previous case (backtracking with a small separation).
Additionally, the back-tracking was found to be split evenly between each

promoter.
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Figure 6-20. Plots depicting the data for each pair of arm-lengths sorted in numerical
order of (a) the short-arm and (b) the loop arm. Also plotted is the position of the
remaining RNAP belonging to the other promoter. The position of the two promoters is
indicated by the two dashed lines. Underneath each graph is a schematic diagram of how
the positions of two RNAPs would appear and the values plotted from (a) the short arm

terminus and (b) the loop arm terminus.

To visualise better the relationship between one RNAP and its neighbour, the
length measurement on individual templates were collated and displayed
graphically. The positions of the RNAPs on the template (converted into
fractions of the total length) were sorted into numerical order of each arm in
turn, such that a value of 0 is the end closest to that particular promoter, and a
value of 1 is chain-end furthest away. Also plotted on the same axis are the
corresponding positions of the remaining partner RNAP. Figure 6-20 shows the
data for this particular analysis, sorted in order of (a) the short-arm and (b) the
loop arm. In both cases there seems to be a cluster of points that closely follows
the data of the other RNAP that has been sorted. This shows that the position of
one RNAP is closely linked to the behaviour of the other. There is a group of
RNAPs that have a greater separation, representing the third group
(backtracking with a large separation). The majority of the points belong to the
two groups, in which RNAPs remain in close proximity to each other after

stalling.
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6.4 Discussion

6.4.1 Labelling

We pursued a technique for end-labelling DNA molecules for AFM using stem-
loop forming oligonucleotides. Through measurements of the DNA contour
length, and the size of the end-feature, a distinct population of molecules was
identified. This group represented molecules for which the PCR-derived
labelling reaction was successful, and thus had the stem-loop at the expected
end. Ohta et al studied the Staphyloccus aureas HSP70 operon and its
interaction with the regulatory protein ORF37 using AFM [148]. The promoter
of this operon contains a palindromic nucleotide sequence that can form a stem-
loop structure. When imaging this promoter sequence with AFM they observed
a small feature at one end of the chain, and concluded that this was direct
evidence of promoter based stem-loops. The features imaged in their study
appeared very similar to the features we observed at the end of the DNA
template. Measurements of the diameters of the two different features also
agree. They observed a diameter of around 10 nm for a loop consisting of 11
nucleotides, whilst we observed a diameter of 20.5 + 0.5 nm, for the structure
consisting of 20 nucleotides. In their study, the interesting secondary structure
was only observed in 10 % of complexes, suggesting the reason for this low
yield being that higher-ordered DNA structures were inherently unstable. This

may explain why we only observed loop features on around half of complexes.

Yoshimura et al. aimed to study how telomere repeat binding factors (TRF) help
to maintain telomeric DNA, by observing how the DNA complexed with the
protein using AFM [217]. They used DNA carrying a stretch of the sequence
(TTAGGG)y, and a long 3’ overhang, to represent telomeric DNA. They observed
a number of higher-order DNA structures at one end, which were formed by the
single-stranded over-hang. These took the form of not only globular structures
(a common sight in our labelled molecules), but also branched structures, a

structure that we occasionally observed. The fact that we observed similar end-
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structures suggests that the structures seen were the result of single-stranded

regions forming more complex secondary structures.

6.4.2 RNAP separation on labelled template

After addition of NTPs, a significant number of pairs of RNAPs were observed in
close proximity to each other. Such complexes, displaying such a small
separation, were not observed prior to NTP addition. As such, these collided
complexes represent the aftermath of a convergent transcription event, in
which the two RNAPs displayed transcription interference. No such small
separation was observed when OPCs were imaged. The distribution shift from
OPC to CC was almost identical to that of the unlabelled case. It is worth noting
that labelling either end of the template does not affect measurements of the
RNAP separation. The earlier study with unlabelled molecules observed a
similar distribution with a large shift to a smaller separation after the

elongation stage.

Very few RNAPs appear to be in direct contact after collision, while the modal
group for inter-RNAP distance is in the range of 20-40 nm. Measurements taken
from the AFM images found the RNAP diameter to be 19 + 2 nm. Crampton et al.
suggested that a general lack of hard-sphere contact results from the ability of
two RNAPs to sense each other through action at a distance, either through
electrostatic interactions, or through the mediation of topological stress within
the intervening DNA template [47]. A model has been put forward suggesting
that a transcribing RNAP, moving via unidirectional Brownian motion and
rotating around DNA, provides a large viscous drag component, which leads to
the build-up of positive super-coiling ahead of the enzymatic core, and negative
super-coiling upstream of this region [121]. In the case of convergent
transcription, this would lead to a large build-up in positive supercoiling in the
inter-RNAP region. This region of high local strain could potentially inhibit

elongating polymerases.
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6.4.3 Back-tracking

The labelling of one end of the template becomes extremely useful once NTPs
are added and RNAPs begin to move away from their promoters. It allows us to
uncover populations of data that may have been previously hidden, in order to
better understand the interplay between two RNAPs travelling in opposite
directions. By observing the changes of arm length from initiation, to after
elongation and interference, we were able to elucidate outcomes of collision
induced back-tracking. This is similar to the results obtained in the previous
chapter, however there are limitations in the previous approach. Once RNAPs
begin to move along the template it became impossible to precisely say how the
RNAPs are interacting. In the unlabelled case if an RNAP travelled past the long
arm promoter in the 3’ direction, but did not travel backwards more than the
difference between the two arms, then a back-tracking event would not be
recognised. Due to our knowledge of the DNA template polarity we were able to
verify that back-tracking is more common than previously thought, with around
85 % of complexes being observed in a back-tracked state. Back-tracking in the
unlabelled case was observed in only 47 % of CCs. The increased occurrence of
back-tracking is related to the difference in length between the short and long

arms (67 nt).

Perhaps the most marked difference between the labelled and unlabelled cases
was in the arm length measurements. Our results on the labelled complexes
reveal a different distribution of arm lengths after collision. In the previous
chapter, the distributions of arm length for pDSU were essentially mono-modal,
with shifts in the short and long arms to smaller and larger values respectively
being indicative of back-tracking. However, the data we obtained for the
labelled sample was bi-modal, with each arm exhibiting a similar shift to both
smaller and larger values respectively (see Figure 6-18b). This is a result of the
inability to completely discriminate between the two RNAPs in the earlier
study. An RNAP originating from the short arm promoter, inducing back-

tracking in the RNAP at the other promoter would be mistakenly identified as
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the long-arm if there was no knowledge of which end belonged to a particular

promoter.

A number of scenarios exist for the collision between the two RNAPs. The most
common collision outcome (74 %) was back-tracking with the two RNAPs
situated in close proximity. The back-tracking was found to be split roughly
equally between each promoter. The range and relative frequencies of both
arm-length distributions was also roughly equal. As such, it seems feasible to
suggest that these complexes represent collisions between an elongating
complex (EC) and a “sitting duck” (SD). The fact that both RNAPs are situated
reasonably close to either promoter suggests that the SD represents a

promoter-bound complex that has not yet become transcriptionally active.

Both promoter sequences are identical, and as such the time spent in the
initiation stage should on average be similar. Hence, on average which
promoter fires first is dependent only on which promoter an RNAP locates first.
Promoter clearance is expected to be the rate-limiting step in the transcription
reaction. Transcription elongation rates of E.coli RNAP are fast in vivo, with
rates of 50 bp/s being measured [12]. It seems likely therefore that one RNAP is
able to traverse the inter-promoter distance (338 bp), whilst another is
stationary initiatiating at the other promoter. As such, the bimodal distribution
in CCs represents two potential outcomes for an RNAP and its partner
promoter. If it is the first to bind and fire then it is able to displace the other
RNAP, leading to an increase in its effective arm-length. However if it is a late
arriver at its promoter then it will experience a collision from an already
elongating complex, back-tracking it from its position, and leading to a
shortening of the arm-length. These outcomes are described in Figure 6-21.

This transcription interference is indiscriminate of promoter.
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Figure 6-21. Collision outcomes observed in labelled complexes. (a) The process begins
with RNAPs bound at the two promoters. (b) Once NTPs are added transcription
elongation can proceed. Collisions between active complexes and those that are still
promoter-situated dominate. These lead to back-tracking in one of two directions
depending on which RNAP leaves its promoter first. Afterwards the RNAPs stall in close
proximity to each other. This will also affect the CC arm-length distribution. An example
distribution is shown below the schematic diagram, with what were originally the short-
arm being shown in red, and the loop arm in green. These separate distributions
combine to form a bimodal distribution for each arm. (c) Less likely are collisions
between two RNAPs that have both “fired” and interact in the central region of the
template. Later the RNAPs stall close to each other.

A second class of complex is situated in the inter-promoter region, which also
had a small separation (15 %). The lack of any back-tracking past a promoter

suggest that in this case both RNAPs were able to move away from their
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respective promoters, and hence this scenario represents collisions between
two ECs. In this case, it appears that transcription is irreversibly stopped in
both directions. In the back-tracked case, one RNAP is still able to continue
moving in its preferred direction, at least initially. The small separations
suggest that the RNAPs cannot pass each other, but remain against each other in
a stalled state. Within the arm-length distribution a clear peak relating to this
class is not observed because it is obscured by the two larger peaks of the more
common first class, and is a consequence of the relatively broad distribution
widths. With an increasing separation between the two promoters it is expected
that both RNAPs will have more chance to initiate, and thus a greater
occurrence of collisions of this type (between two elongating complexes) would

be expected.

A third less common state was observed that exhibited back-tracking, but with a
large separation. Again, it is unclear whether these represent an actual collision
outcome, or were simply non-specifically bound RNAPs. The collision itself
could lead to a loss of the RNA-DNA hybrid which stabilises the complex. It is
possible that after collision the RNAP becomes re-engaged in 1-dimensional
diffusion in an attempt to locate the promoter, resulting in a larger than
expected separation. Due to the loss of the sigma factor 67 on transition into
the elongation stage the enzyme will be unable to form the necessary contacts

with a promoter region to form another OPC and re-initiate transcription [25].

However, as a potential drawback of these experiments, we cannot completely
discount the effects of unspecific binding. It may also be possible to have
asynchronous binding of RNAPs. For example after OPC formation it may still be
possible for RNAPs that are free in solution to bind to a promoter site when a
RNAP bound previously begins transcription once NTPs are available in the
reaction mix. In this case the first RNAP could begin transcribing the template,
and if there are no other RNAPs in its path it may pass the other promoter site
unhindered before stalling towards the template end. An RNAP arriving at a
later time point may bind to the promoter that the initial RNAP had just passed,
and begin travelling in the opposite direction. Neither of these RNAPs would

have interacted with each other, and the end result would be the appearance of
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back-positioning of one RNAP on the template with another RNAP that is
situated much further away (the third class of CC). One improvement in the
experimental system could be to add heparin to the reaction mix after OPC
formation. Heparin is a polyanion that has been shown to prevent unspecific
binding of RNAP to DNA. This would have the effect of “mopping” up any free
RNAP in solution before NTPs are available for transcription to begin, and may

reduce the chances of asynchronous binding occurring.

Backtracking was also observed in the unlabelled sample. However, the results
on the labelled sample show that either RNAP can exert a steric hindrance on
the other. A strong cooperation, or coupling of the two RNAPs, was observed in
these experiments. When either of the two arm measurements were plotted in
position order together with the corresponding position of the remaining arm
(Figure 6-20) the unsorted data generally mirrored the sorted data. This

indicated that an RNAP’s behaviour was closely linked to its neighbour.

Whilst the same three groups were also observed in the unlabelled case, the
relative frequencies of each class were different. Of the two main groups, the
occurrence of back-tracking with a small separation changed from 29 %
previously to 74 % in the present system, whilst the apparent incidence of
RNAPs in the central inter-promoter region went down from 53 % to 15 %.
These changes roughly correlate with the increase in observed frequency of
back-tracking (38 %). This allows us to better refine our model of what happens
during the collision. If these two groups represent two different scenarios,
namely SD-EC collisions and EC-EC collisions it would appear that the first case
strongly dominates over collisions between two RNAPs both engaged in

transcription.

6.5 Conclusions

These results show that transcription interference arising from the physical
collision of interacting polymerases on the same DNA template could have
important regulatory roles, and that the nested gene arrangement has an ability

to control gene expression at a fundamental level. In this study we examined
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how RNAPs transcribing from convergently aligned promoters could interfere
with each other. By labelling the DNA template we were able to observe
elongating RNAPs colliding with another RNAP situated near to its promoter,
and subsequently inducing back-tracking. The two RNAPs eventually stalled
close to each other. Presumably the back-tracked RNAP is unable to continue
with transcription, whilst the remaining enzyme may still be engaged in

catalysing RNA chain formation.

In our study the promoters were of equal strength, such that interference from
each promoter was roughly equal. However, if one promoter was stronger than
the other, either intrinsically or through availability of cofactors, then there
would be a clear bias in which gene would be expressed. This study
demonstrates that single molecule techniques such as AFM, with non-invasive
labelling methods, can be used to gain a deeper insight in the mechanics of

collision events that may be associated with nested genes.

In conclusion, end-labelling of DNA using nucleic acid structures does not
interfere with the activity of the two RNAPs and can be used as a generic
approach to studying interactions of multiple proteins on DNA templates at the

single molecule level.
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7 Future work

While we were able to observe and quantify a number of outcomes of
convergent transcription from two oppositely aligned promoters, including
stalling and backtracking, the current time-lapse strategy is limited to studying
transcription interference whereby both RNAPs remain on the template
following transcription. Even though our results and those of other studies into
colliding RNAPs indicate that after collision RNAPs can remain on a template,
and thus affect the efficiency of transcription, we cannot discount either one or

both RNAPs being knocked off the chain after collision.

Whilst it is possible to look at the relative amounts of RNAP bound to the
template before and after NTP addition, with a reduction in the number bound
indicating that collision may result in unbinding, such measurements may be
subject to sample variability and are dependent on the stability of the complex.
In our time-lapse approach we look at the aftermath of a collision, before
working backwards to infer what happened during the interaction. This means
that we may miss certain sub-groups of the population (e.g. template
dissociation). An improved method would be to use an in situ approach
whereby the entire reaction from promoter recognition to eventual collision
could be followed directly for individual molecules. Such dynamic studies
require imaging under bulk aqueous liquid, preferably with faster scanning

AFMs

Traditionally AFMs slow scan speed, and problems adhering molecules to
substrates well enough to be imaged clearly, has made studying dynamic
processes such as transcription difficult. As such, studies into transcription
under liquid have been performed using reduced concentrations of NTPs [82,
102]. Hence, NTP binding becomes the rate-limiting step in elongation, and the

rate of transcription is low enough to allow movements of RNAP to be scanned

233



Chapter 7 Future work

successively. However, if studying collisions between RNAP, such as those
occurring in convergent transcription, the low speed of transcription necessary
may lead to different outcomes. For example an RNAP may not be travelling
quickly enough to exert a force on a stationary RNAP that is sufficient to induce

backtracking.

Current developments into fast-scan AFM offers exciting possibilities for
studying dynamic processes occurring at speeds similar to those seen in vivo
[49, 51]. Transcriptionally active complexes can be formed and imaged in situ
by adding RNAPs and NTPs into the imaging buffer containing the template, and
in principal the entire process could be imaged from initiation to elongation,
and the eventual collision. There are however some technical limitations to
overcome to be able to study multiple proteins interacting on a single template.
Previous real-time studies on transcription have shown DNA being pulled
through a stationary surface bound RNAP as it undergoes transcription [102].
This method would not be suitable for studying convergent transcription,

where both RNAPs must be free to rotate and approach unhindered.

To image transcription processes routinely will require tuning of the RNAP-
mica interaction, such that the binding-affinity can be temporarily reduced
allowing both RNAPs to detach and transcribe the strand. The binding of DNA in
liquid has shown to be reversible where different buffers can be exchanged into
the imaging cell, to either dissociate or promote binding of the molecules [197].
We would need to look at conditions where the affinity of RNAP for the surface
is reduced. Such exchange would have to be quick so as to allow the entire
process of colliding RNAPs to be followed using fast-scan AFM at a
physiologically relevant time-resolution. If the RNAP remains bound to the
surface it will act as an anchor to the attached DNA strand. If the RNAP is
temporarily released from the surface, it may be possible that the entire
complex is swept away by the motion of the tip. As such it may be necessary to

anchor one end of the template to the substrate using a chemical tether.
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Although an eventual aim of our studies would be to move away from
predominantly simple studies on static systems to dynamic systems containing
a number of interacting proteins, further development of the instrumentation
and a greater understanding of how adhering biomolecules to a substrate
affects biological activity will be required. It may be possible to gain further
insights into the convergent transcription process, whilst still imaging samples

in ambient conditions.

We observed two main outcomes of forming transcriptionally active complexes
on templates containing two promoters on opposite DNA strands. The most
common interaction was between a stationary RNAP and one engaged in
elongation, while transcription interference between two elongating RNAPs
was seen to be rarer. The remainder of complexes were undetermined. These
scenarios were inferred by studying the relative positions of the RNAPs on the
template after collision. To study whether the RNAPs behave in a similar
manner after collision in each mode it would be useful to separate the two
scenarios. Currently we have no control over when and from which promoter
the RNAP will fire, and hence the type of collision. Such a filtering of the results

would require a redesign of the template.

Currently the two promoters used are identical, and on average which RNAP
enters elongation first will depend on which arrives at the promoter first on
average. If each RNAP arrives at the same time then collisions between two
moving RNAPs are expected to be more probable. To only allow collisions
between an elongating complex and a sitting duck requires a situation where
firing from one promoter is prohibited. This could be done by replacing one of
the Apr promoters with a different promoter sequence, and using an equimolar
mix of E. coli RNAPs with two different sigma factors. By using the 070 factor we
have a relatively simple system that does not require any additional protein
factors for the RNAP to be transcriptionally active. This could be mixed with
RNAP- 0°* holoenzyme, a sigma factor which allows for promoter recognition,
but requires additional proteins to begin transcribing the DNA [179]. If we have
two different promoters that are specific to each sigma factor, then its

associated RNAP will only form specific contacts with one location on the chain.
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On addition of NTPs the 079 promoter will be able to begin RNA synthesis,
whereas by omitting the necessary protein factors the 6°* promoter will remain
stationary, permanently arrested. Hence, any sort of transcription interference

will always be between an elongating complex and a sitting duck.

It is perhaps more difficult to only induce collisions between two RNAPs both
engaged in transcription. On average, the time spent stationary at the promoter
is greater than it takes for the RNAP to transcribe across the inter-promoter
region. One way of making EC-EC interactions more common would be to
experiment with increasing the inter-promoter distance of the template. The
increased length will mean a greater time will elapse before an RNAP
experiences an interaction with the other. This may mean that a RNAP arriving
later at its promoter will still have time to finish transcription initiation, and

also begin transcribing the template.

Other future work could centre on optimising the labelling reaction. Currently,
the method of stem-loop attachment we have developed led to around half of
the molecules imaged under AFM having an end-feature. Each DNA sample
contains a mixture of unlabelled and labelled components, meaning that it may
be necessary to discard DNA-RNAP complexes from any analysis if there is no
end-feature on the chain. Also, as the labelling reaction uses a single cycle of
primer extension there is no amplification of the template, meaning a large
amount of starting material is required, and at best this represents the

maximum possible yield of labelled template.

Traditional PCR protocols, whereby a small amount of template is used as
starting point for amplification, could not be used for the attachment of the
stem-loop label. For exponential amplification of a template, two primers (one
forward and one reverse) must be used in the reaction mix. However, to achieve
labelling we must use just a single primer, a consequence of Taq. polymerase
possessing 5’ to 3’ exonuclease activity, which cleaves nucleotides from the end

(exo) of a chain one at a time.

In a conventional PCR reaction, the first cycle of primer extension will lead to

the attachment of the loop structure attached to the forward primer. The next
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cycle will involve another round of chain denaturation. After this stage the extra
end sequence attached in the first cycle should be able to refold to form a stem-
loop once again. Annealing of a reverse primer, and subsequent chain extension
will lead to the polymerase moving towards the end of the chain where the stem
of the label is attached. Due to the exonculease activity of Tagq. the
phosphodiester bonds linking the stem to the other strand will begin to be
degraded, meaning that the stem-loop forming sequence will exist entirely as a
single-stranded region at the chain end. This will now act as a template for the
polymerase to catalyse the addition of dNTPs, with the final end result being a

longer than original dsDNA molecule, with no end-label.

There are however other Taq polymerases for use with PCR that have been
modified and are deficient in the 5’ to 3’ exonuclease ability [114]. In such a
case, once an extending polymerase originating from a reverse primer meets
the end of the attached stem region of the label rather than beginning to cleave
the chain, it will simply drop off leaving a complete double-stranded region,
together with the intact label. There are two main advantages to such an
approach. As the process now involves direct amplification of the template, you
need only a small amount of starting material to get a large amount of product.
Perhaps more important is that due to the specificity of the two primers, nearly
all the DNA present at the end of the reaction will contain the forward primer
sequence together with the end-label. Unlabelled molecules will become a tiny
proportion of the overall population, meaning that the efficiency of labelling will
be improved. As such, molecules seen under AFM should be entirely labelled.
Such PCR experiments will require investigations into the best conditions with
which to attach the primers whilst allowing the stem-loops to form before

extension.
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8 Conclusions

The arrangement of genes in a genome follows a complex spatial arrangement.
Consequentially, interactions between different genes during expression are
widespread and complex. Transcriptional interference (TI) occurs when one
transcriptional process or RNAP has a negative impact on another. One
particular example where TI will have significant consequences, with regard to
effective expression, is for nested genes. A nested gene is defined as a gene that
is totally located within the boundaries of a larger host gene. Such
arrangements have an ability to control gene expression at a fundamental level,
and pose interesting biological questions such as whether they are expressed
simultaneously, co-regulated, or whether the proteins encoded may share a

related function.

The work in this thesis has primarily focused on studying the interactions
involved in DNA transcription. Traditional biochemical ensemble techniques
are able to gain useful information about a large number of molecules, e.g.
whether a gene may be up- or down-regulated in certain conditions. However,
important sub-groups of the population may be missed as the measurements
represent ensemble averages, and are better suited to studying large
homogenous populations. Processes that contain a number of distinct stages
and intermediates may be better studied using single-molecule techniques. We
have used linear DNA templates containing multiple promoter sites to drive
RNAPs towards each other, and observed the outcomes using atomic force
microscopy (AFM). This approach can be seen as a simple experimental model
for nested genes found in vivo. AFM provides topographical images of samples
with molecular resolution, and is a powerful tool for visualising transcription

from nested genes.
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Initially, the imaging of DNA samples bound to mica substrates was studied to
gain an understanding of how the surface-bound conformations observed
represent the population in solution. The deposition and binding of DNA to mica
was investigated, in which it was confirmed that the transport of molecules was
governed by a diffusion mechanism. The binding of DNA to mica can be
controlled through ion-exchanging the mica with divalent cations. Two
extremes of binding were observed; measurements of the end-to-end distance
of linear DNA molecules discriminate whether the binding mechanism occurs
through 2D surface equilibration or kinetic trapping. A range of linear
fragments were used to investigate length dependences of binding. Mica, ion
exchanged with Ni(II) usually gives rise to kinetically-trapped DNA molecules,
however short linear fragments (< 800bp) are seen to deviate from the
expected behaviour. This indicated that ion-exchanged mica is heterogeneous,
and contains patches or domains, separating different ionic species, and

potentially allowing the binding of DNA to be controlled more readily.

A systematic study on the effects of changing the relative humidity in the
imaging chamber of the AFM while scanning over DNA was performed. Here,
we also investigated cation mediated binding further. A range of different DNA
test samples were imaged using two methods of binding. This study illustrated
that local molecular motion of DNA can be induced when imaging at high
humidity on hydrophilic surfaces. The extent of the conformational changes that
arose depended on the amount of superhelical stress stored by the DNA
molecules prior to binding. The outcomes were also modulated by the surface
binding mode (surface equilibration vs kinetic trapping). Controlled humidity
imaging may be useful for studying DNA structure and dynamics, as it is
possible to distinguish between different topoisomers. DNA supercoiling is

important in a number of biological processes including transcription.

Two linear templates were used for initial investigations into transcription,
differing only in the arrangement of the two promoters: pDSU contained
convergently aligned promoters, and pDSP had its promoters in a tandem
arrangement. These modelled different classes of nested gene, the more

common orientation with two promoters on opposite strands, and another with
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the promoters in the same direction on one strand. A “snap-shot” approach was
taken, by which complexes representing different stages of the reaction were
formed. By altering the NTP subset available, RNAPs are allowed to collide and
were imaged before and after collision with AFM. Both templates behaved
similarly with RNAPs being unable to pass each other after collision, and
remaining stalled next to each other. Measurements, as to how the positions of
the RNAPs on the template developed during the reaction, helped to confirm
that in the convergent promoter arrangement one RNAP could cause the other
to back-track. Such observations demonstrate that nested genes and the
resulting convergent transcription may have a fundamental role in gene

expression.

Whilst it is possible to identify promoter-bound RNAPs fairly easily, once they
fire from their respective promoters and begin to interact with one another, it
becomes increasingly difficult to identify which protein belonged to which
promoter. As such, measurements may be misidentified, particularly in the ex-
situ measurements made herein. We looked into ways of end-labelling the
template, such that its polarity is known, and providing that the RNAPs do not
pass each other, the promoter from which it originated from can be identified. A
nucleic acid based approach to end-labelling is desirable because it does not
compromise the sample preparation procedures for biomolecular AFM that
protein labels may cause. We developed a method involving oligonucleotide
loop-primed synthesis for the end labelling. The stem-loop appeared as a
globular structure at the chain-end, and allowed much better discrimination
between outcomes of the collision events. We discovered that collision-induced
backtracking is a much more common outcome of convergent transcription. By
looking at the positions of RNAPs on the template we were able to conclude that
most collisions occur between an elongating complex and one that is stationary
at the promoter engaged in initiation, termed a sitting duck. Collisions between
two RNAPs actively engaged in transcription were much rarer. End-labelling
using nucleic acid structures does not interfere with AFM sample preparation or
transcription and could be used as a generic approach to studying interactions

of multiple proteins on DNA templates at the single molecule level.
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In short, we were able to expand on previous studies of DNA-protein
interactions using AFM. In particular we were able to demonstrate the
effectiveness of single-molecule techniques for investigating distinct members
of a population, and showed that the presence of nested genes could have a
number of effects on the efficiency of expression of the larger host gene. Further
developments in real-time AFM techniques may allow much greater insights

into processes such as convergent transcription to be obtained.
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