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Abstract

This thesis presents results in the development of two single-molecule methods
which use DNA hybridisation, in vitro and in vivo, to investigate protein-DNA
interactions and processes.

Single-molecule DNA sequencing methods have made important contributions
to genomics, diagnostics and functional analysis of genetic processes. Despite
the fact that there are a large variety of single-molecule sequencing methods,
there is currently no systematic way to connect the functional properties, with
regards to protein interactions, of a single DNA molecule (single-molecule pheno-
type) with DNA sequence. In this thesis, I describe proof-of-principle experiments
for ‘Gap-Seq’, a short-read single-molecule sequencing method that interrogates
DNA sequence through the transient binding of short fluorescent DNA strands to
surface-immobilised gapped-DNA substrates. A way to identify a base can be the
dwell times of the short DNAs on the immobilised substrates: the correct base
shows comparatively long dwells of the short DNAs on the substrates, whereas,
non-complementary bases show no binding or comparatively shorter dwells on the
substrates. I also show how single base DNA modifications affect protein-DNA
interactions and a method for how Gap-Seq can be implemented to evaluate the
DNA sequence at the protein binding site. Once developed further, Gap-Seq will
fill a significant void in single-molecule DNA/RNA sequencing and will be im-
portant for both mechanistic work and screening libraries of nucleic acids against
targets of biomedical importance.

I have also used DNA hybridisation to demonstrate the proof-of-principle for
a new type of fluorescence in situ hybridisation (FISH) assay in live bacterial
cells. Specifically, my work introduces ‘in vivo single-molecule FISH’ (in vivo
smFISH), where short doubly labelled single-stranded DNAs are electroporated
into cells and subsequently bind transiently or stably to target RNA. I establish
that the electroporated probes exhibit site-specific binding and produce bright
fluorescence signals that should lead to direct measurements of the kinetics of
gene transcription on the chromosome, and advance the understanding of many
fundamental processes involving RNA.
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Chapter 1

Introduction

Despite being critical to life, there remain many unanswered questions about crit-

ical processes and interactions with DNA inside cells. To truly understand these

cellular processes, scientists have for years studied them at the ensemble level which

averages behaviour across many molecules. However, with the invention of single-

molecule microscopy, the true heterogeneity of such processes is becoming known.

To answer specific questions about key interactions and processes on DNA, novel

methods need to be invented to allow them to be observed with single-molecule

microscopy.

In this thesis I discuss the development of single-molecule DNA hybridisation

tools for high-content analysis of protein-DNA interactions and gene expression

in prokaryotes. First, in Chapter 2, I describe experiments conducted to show

the proof-of-principle for Gap-Seq: a high-throughput short-read single-molecule

sequencing method based on transient DNA hybridisation to gapped-DNAs. In

Chapter 3, I show that Gap-Seq can be implemented to study protein phenotype

in sequence dependent protein-DNA interactions. In the final results chapter,
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Chapter 4, I demonstrate how the transient hybridisation of short labelled DNAs

in vivo can be used to investigate gene expression inside live cells.

The following introduction provides an overview of the biology and method-

ologies relevant for the whole thesis, with each research chapter containing a in-

troduction to the relevant topics.

1.1 Nucleic Acids

In 1869, Friedrich Miescher became the first scientist to isolate DNA during his

study of human white blood cells, labelling it ‘nuclein’ [1]. The name nuclein later

morphed into ‘nucleic acid’ and is still used today. The term nucleic acid refers not

only to deoxyribonucleic acid (DNA) but also ribonucleic acid (RNA). DNA and

RNA consist of long chains of nucleotides where a nucleotide is made of a base, a

phosphate and a sugar, which is either deoxyribose in DNA or ribose in RNA, see

Figure 1.1. The base binds to the 1’ position on the sugar carbon ring with the

phosphate binding to the 5’ position.

The model with nucleic acids made from nucleotides, aligned to make a phos-

phate backbone with repeating bases, was proposed by Phoebus Levene in 1909

[2]. The nucleotides bind in varying sequences of four bases: thymine (T), adenine

(A), guanine (G) and cytosine (C) for DNA with uracil (U) replacing thymine (T)

in RNA. Bases can be divided into two classes: pyrimidines and purines, where

purines have two carbon rings and pyrimidines a single carbon ring, see Figure 1.2.

The bases in nucleotides serve as registers for binding of DNA/RNA strands.

When two single stranded DNAs (ssDNAs) bind to make a double stranded DNA

(dsDNA) the base content of the dsDNA follows Erwin Chargaff’s rules with
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Figure 1.1: A nucleotide is made from three components: a phosphate molecule,
a sugar (either deoxyribose in DNA or ribose in RNA) and a base.

Figure 1.2: Chemical structures of bases which can be split into two classes, pyrim-
idines and purines. With a single carbon ring, cytosine (C), thymine (T) and uracil
(U) are classed as pyrimidines and adenine (A) and guanine (G), with two carbon
rings, are classed as purines. [3]
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[C] = [G] and [A] = [T] [4].

1.1.1 Structures of Hybridised Nucleic Acids

The exact way in which bases are bound and the structure of dsDNA was only

understood in 1953 when three crucial papers were published by James Watson

& Francis Crick [5], Maurice Wilkins [6] and Rosalind Franklin [7]. From these

discoveries, the double helical nature of dsDNA is now known along with the

exclusivity of C-G or A-T/U binding.

Duplex DNA exists as two ssDNAs bound together through complementary

base binding via hydrogen bonds, see Figure 1.3. A-T binding consists of two

hydrogen bonds, whereas, three hydrogen bonds are present in G-C binding.

The hydrogen bonds between complementary bases do not solely stabilise the

dsDNA, forces due to stacking of the hydrophobic bases are also responsible [9],

[10]. Stacking occurs when the aromatic rings of neighbouring base pairs interact

through Van der Waals forces [11] with some inter-strand base stacking also. The

way the bases are arranged allow for multiple electrostatic and hydrophobic inter-

actions between rings creating the majority of the stabilising force of dsDNA. The

melting temperature of DNA (Tm) is the temperature at which the probability of

a dsDNA being denatured equals 0.5. The nearest neighbour model allows the

theoretical calculation of the melting temperature of DNA from the enthalpy and

the entropy associated with tandem pairs in different sequences, accounting for

hydrogen bonding between bases but is largely due to the Van der Waals forces

from stacking of the bases [12], [13], [14], [15].

DNA exists most commonly as B-type DNA - a right-handed helical structure
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Figure 1.3: Two complementary ssDNA strands form a dsDNA when hydrogen
bonds form between the corresponding bases on each strand. Naturally a dsDNA
takes the shape of a double helix, shown in the right image. [8]

with anti-parallel strands, which rotate every 10 base pairs with a distance or pitch

of 34 Å[5]. B-DNA has a distance of 3.4 Å[5] and a rotation of 36 ◦[16] between

adjacent bases. Due to the arrangement of the bases there exists a major and

minor groove in double stranded nucleic acids.

A-DNA exists as a dehydrated DNA but also in some RNA-RNA/DNA du-

plexes [17]. In A-type DNA the bases are closer together, only 2.3 Å separation

and tilted with respect to the central axis of the DNA [17]. Although wider and

more compressed than B-DNA, A-DNA is still a right-handed anti-parallel duplex

[17], see Figure 1.4.

Although DNA and RNA have a very similar make-up, RNA usually exists
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Figure 1.4: Side structure of A-DNA and B-DNA, both right-handed anti-parallel
duplexes with A-DNA dehydrated and compressed compared to more common
B-DNA. Image adapted from [18].

in a single-stranded form. However, as mentioned previously, RNA can hybridise

to form duplexes with other RNAs or DNAs. Single-stranded RNA is also liable

to forming secondary structures by hybridisation between different sections of the

RNA.

1.1.2 Degenerate and Universal Bases

Nucleic acids occur naturally, however, it is possible to synthesise nucleic acids with

specific sequences and characteristics. A bases or bases that can bind indiscrimi-

nately to any other base may be desired when designing DNAs to be hybridised

with unknown DNA sequences. Two ways to create such a base are through the
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use of degenerate bases or through the use of universal bases.

A degenerate base is created when it is possible for any one of the four bases

to be incorporated at a single position on a ssDNA. This method creates 4n nu-

cleotides with different sequences, with n as the number of degenerate base po-

sitions created [19]. The relative concentration of the DNA of the full desired

sequence is reduced by 4n. Therefore, degenerate bases are not always desirable in

situations where the overall oligonucleotide concentration is capped, such as with

fluorescently labelled oligonucleotides (short DNAs) in single-molecule fluorescence

experiments.

Another option is the use of universal bases. Universal bases are defined as

bases that will bind indiscriminately to any of the four DNA bases. One such

base analogue is 5-nitroindole [20]. 5-Nitroindole has been shown to bind with a

similar strength to all of the natural bases, with a range of 3 ◦C in the melting

temperature, when two complementary 17 mer oligonucleotides hybridise - with

the universal base as the central base with 8 bases either side on one of strands [20].

The lack of large discriminations in binding between different bases, by definition,

means 5-nitroindole can be used as an universal base analogue. Of the natural

bases, 5-nitroindole can be most likened to purines, with a main two ring aromatic

structure (Figure 1.5).

5-Nitroindole does not form hydrogen bonds within its ‘Watson-Crick’ base pair

but binds through intercalating between the base opposite and one of its adjacent

bases [22]. Therefore, 5-nitroindole solely stacks within the duplex during hybridi-

sation without distorting the double helical structure of the duplex [22]. The effect

of stacking energies on duplexes containing 5-nitroindole has been shown, with the

base adjacent to the 5-nitroindole having a measurable impact on the melting tem-
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Figure 1.5: Chemical structure of 5-nitroindole attached to deoxyribose forming a
deoxynucleoside [21].

perature. An adjacent T or C to a 5-nitroindole can result in a 3 ◦C increase in

the melting temperature compared to an adjacent G or A [23].

1.2 Fluorescence

Fluorescence from an atom occurs when an incident photon (λexc) is absorbed by

an electron in the atom, exciting it from the ground singlet state (S0) to a higher

energy singlet state (S1) or (S2). The electron then experiences non-radiative loss

of some energy through vibrations to move to the lowest energy level in S1 on a

time scale of around 10−12 seconds [24]. As the spin of the electron is still paired

with the electron in S0, the electron can quickly relax back to S0 by radiating

energy as a photon, see Figure 1.6. The fluorescence lifetime (time from excitation

to emission) is approximately 10−8 seconds [24], much faster than phosphorescence

which occurs when the electron enters a triplet state (T1/T2) where the electrons

are no longer spin-coupled.
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Figure 1.6: Jablonski diagram of the possible excited states of an electron. The
electron starts in the ground singlet state S0 and is excited by photon absorption
to either the first S1 or second S2 singlet states. The electron experiences non-
radiative energy losses and moves to the lowest energy level of S1. The electron
then relaxes back to S0 radiatively releasing fluorescence. Alternatively, when in
S1/S2, the electron can undergo intersystem crossing into a triplet state T1/T2

where it is no longer spin coupled with the electron in S0. Over a longer time
period than fluorescence, the electron will radiatively decay back to S0 known as
phosphorescence. Adapted from [25].
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In comparison to the incident photon, the emitted photon has a lower energy

due to vibrational losses, hence, a longer wavelength (λem). The difference between

the excitation wavelength λexc and the emission wavelength λem is known as the

Stokes shift, first observed in quinine by Sir GG. Stokes, 1852 [26].

The Stokes shift in λ is exploited in single-molecule microscopy through the use

of wavelength dependent filters to separate λem from λexc to enable imaging of the

fluorescence from the sample. The results discussed in this thesis centre on DNA

hybridisation, however, DNA is not intrinsically highly fluorescent. Therefore,

DNA can be labelled with fluorescent molecules to allow DNA to be visualised in

fluorescence microscopy.

In fluorescence microscopy, there is the desire to reduce the amount of back-

ground fluorescence from fluorophores in solution to improve the signal to back-

ground ratio. One method to reduce fluorescence intensity is fluorescence quench-

ing. Two forms of quenching are collisional quenching and static quenching. Colli-

sional quenching occurs when a fluorophore interacts with a molecule (a quencher)

causing a excited electron to cross to a triple state and then return to the ground

state S0 via a non-radiative process [24]. Static quenching occurs when multiple

fluorophores or a fluorophore and a quencher form a complex which cannot be

excited [24], therefore, the electron never leaves the ground state S0. DABCYL (4-

(Dimethylamino)-azobenzene-4’-carboxylic acid) is an example of a non-fluorescent

molecule that can be used as a static quencher [27].
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1.2.1 Fluorophores

Quinine, the first known fluorophore, was discovered by Sir JFW Herschel in 1845

[28]. There are two key measures by which a fluorophore can be characterised, the

quantum yield of the fluorophore and the fluorescence lifetime of the fluorophore.

The quantum yield is a ratio of emitted photons from the fluorophore to the

number of photons absorbed, whilst the fluorescence lifetime measures the length

of time that a fluorophore spends in the excited state before fluorescing (of the

order 10−9 seconds) [24].

Small-Molecule Organic Fluorophores

There exist small-molecule organic fluorophores that are often < 1 kDa. Small-

molecule organic fluorophores are attractive for single-molecule microscopy as they

can be attached to biological molecules of interest without too much hindrance of

the molecule due to their small nature.

There are multiple small-molecule organic fluorophores are used in this thesis;

for reference they are detailed in Table 1.1. Two fluorophores of special interest

are Cy3B and ATTO674N as they are commonly used as a FRET pair (see FRET

below).

Cy3 is a green cyanine dye [36] that can be linked to DNA, however, it has a

low quantum yield due to the availability of a variety of molecular conformations.

Cy3B has a modified structure to reduce vibrational losses within the molecule,

hence, an increased quantum yield (see Table 1.1). For Cy3B, the maximum

excitation and emission peaks are very slightly red-shifted from those of Cy3 as

shown in Table 1.1. The excitation and emission spectra for Cy3B can be seen
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Figure 1.7: Excitation (blue) and emission (green) spectra for Cy3B with
λexc = 558 nm and λem = 572 nm. Spectra data from [34].

Figure 1.8: Excitation (orange) and emission (red) spectra for ATTO647N with
λexc = 646 nm and λem = 664 nm. Spectra data from [35].

12



Small-molecule Organic Fluorophore Properties
Fluorophore Maximum

λexc (nm)
Maximum
λem (nm)

Quantum
Yield

Fluorescence
Lifetime

(ns)
Cy3 [29] 550 570 0.04 0.3
Cy3B [29] 558 572 0.67 2.8
ATTO647N [30] 646 664 0.65 3.5
Cy5 [31] [32] 649 670 0.28 1.0
ALEXA647 [33] 650 668 0.33 1.0

Table 1.1: Properties of the fluorophores used in this thesis. From left to right:
maximum excitation wavelength (nm); maximum emission wavelength (nm); quan-
tum yield; fluorescence lifetime (ns).

in Figure 1.7 with λexc = 558 nm and λem = 572 nm. ATTO647N, developed by

ATTO-TEC, lies within the red region of the visible part of the electromagnetic

spectrum with λexc = 646 nm and λem = 664 nm, see Figure 1.8.

1.2.2 Förster Resonance Energy Transfer (FRET)

Cy3B and ATTO647N are commonly used together as a donor and an acceptor

pair for Förster resonance energy transfer (FRET). FRET occurs when energy is

transferred through dipole-dipole interaction between an excited donor molecule

and an unexcited acceptor molecule. Once excited through FRET, the acceptor

molecule can fluoresce. The energy transferred between the two molecules is non-

radiative and is heavily distance dependent. Therefore, measuring the strength

of the FRET efficiency allows the distances between the donor molecule and the

acceptor molecule to be calculated. The FRET efficiency can be calculated using

the following equation:

E =
1

1 + (R/R0)6
(1.1)
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where R is the distance between the two dipoles and R0 is the Förster radius

(distance where E = 0.5 for the chosen fluorophores).

E* which denotes the apparent FRET is commonly used in experiments to

quantify changes in the observed fluorescence intensity. E* is defined as:

E∗ =
FAem
Dexc

FAem
Dexc

+ FDem
Dexc

(1.2)

where FAem
Dexc

is the fluorescence intensity of the acceptor when the donor is

excited and FDem
Dexc

is the fluorescence intensity of the donor when it is directly

excited [37].

1.2.3 Photophysical Effects

One behaviour that fluorophores can exhibit is blinking - a temporary lack of

fluorescence. Blinking occurs when the electron is excited from the ground state to

an excited state and then, crosses into a triplet state (see Figure 1.6). When in the

triplet state, the spins of the ground and excited electron are no longer paired. This

leads to a slower relaxation of the electron as Pauli exclusion principle prevents

unpaired spins from being in the same energy state. The delay in relaxation can

possibly be the time taken for a chemical reaction or interaction to flip the spin of

the electron. Hence, there is a dark gap before the electron can be excited again

once it is back in the ground state. These temporary dark periods of time followed

by fluorescence are characteristic of blinking [38].

Fluorophores can also undergo a permanent loss of fluorescence known as pho-

tobleaching, when excited fluorophores undergo irreversible structural changes that

cause permanent non-fluorescent molecules. Some fluorophores appear to fluoresce
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longer than others before photobleaching. This characteristic can be described as

the fluorophore’s photon budget and can range from 102-106 photons [24].

If an excited fluorophore interacts with oxygen this can lead to photo-oxidation,

therefore, photobleaching of the fluorophore [24]. An enzymatic oxygen scaveng-

ing system can be implemented in single-molecule experiments to stabilise the

fluorophores by reducing blinking and prolonging the time before photobleach-

ing. Glucose oxidase and catalase (gloxy) allow oxygen to react with glucose

in the imaging buffer, reducing the amount of oxygen in proximity to the fluo-

rophores. Although this oxygen scavenger system works at reducing oxygen, the

products are acidic which needs to be accounted for when working with pH sen-

sitive biomolecules. Another addition that can be made to reduce blinking and

photobleaching is Trolox [39]. Trolox reacts with oxygen in the imaging buffer to

reduce blinking through quenching of the long-lived triple states [40].

1.3 Microscopy

When molecules are labelled with fluorophores and excited by laser light, at wave-

length within the excitation spectrum, fluorescence is produced. However, when

there are many molecules together under a fluorescence microscope, individual flu-

orophores cannot be imaged, only a diffuse fluorescence. In order to be able to

image single-molecules, it is essential to only excite a few fluorophores at a time.

This can be done by reducing the concentration of the fluorescently labelled fluo-

rophores, quenching fluorophores and, also, by exciting only a small volume of the

sample.
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1.3.1 TIRF Microscopy

Total internal reflection fluorescence (TIRF) microscopy is a type of illumina-

tion which relies on a small excitation volume within a sample to reduce diffuse

background fluorescence. In an objective based TIRF microscope, the incident

collimated laser beam, after passing through the objective, is totally internally

reflected at the glass-sample boundary. Total internal reflection occurs when the

excitation beam is incident at the boundary at an angle above the critical angle,

at which there is no longer transmission through the boundary. Due to boundary

conditions, the total internal reflection produces an evanescent light field past the

boundary [41], see Figure 1.9. The evanescent field is a non-propagating field,

which exponentially decays with distance from the boundary. Therefore, only a

very small depth of the sample above the boundary is illuminated, approximately

150-200 nm from the surface [24]. Only fluorophores within the excitation volume

are able to fluoresce, reducing the diffuse fluorescence seen when illuminating all

the sample. Single-molecules can therefore be observed when close to or at the

surface.

Some of experiments described here were conducted on a widefield TIRF mi-

croscope with two excitation wavelengths and two emission channels, see Figure

1.10. Excitation wavelengths of 532 nm and 640 nm were used to excite wavelength

matched fluorophores. Inside the microscope the two lasers are directed and col-

limated along the same beam path so that both wavelengths can illuminate the

same area of the sample. The lasers can be used for continuous wave excitation

either alone or together, but also for alternating laser excitation (ALEX) where

the sample is exposed to both excitation wavelengths temporally separated by
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Figure 1.9: Total internal reflection occurs at the boundary between glass (n2 =
1.5) and water (n1 = 1.3) when the incident angle of the light is greater than
the critical angle. Due to boundary conditions there is a resulting evanescent
field which exponentially decays into the sample at a distance of approximately
150-200 nm [24].

Figure 1.10: Objective based total internal reflection fluorescence (TIRF) micro-
scope: 532 nm and 640 nm excitation light is combined at the first dichroic mirror
(DM1), collimated and directed for total internal reflection at the sample bound-
ary. The resulting evanescent wave illuminates the sample. The emission light is
collected, filtered to remove excitation light at DM2 and imaged separated based
on wavelength at DM3 and imaged separately (green and red channels) on the
camera. Image adapted from [42].
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10-100 ms [43]. ALEX is particularly useful in the detection of FRET, as both flu-

orophores in a FRET pair can be directly excited (Section 1.2.2). The fluorescence

emitted by the fluorophores is then collected through the objective and separated

from the excitation light by a dichroic mirror with reflective bands at 532 nm and

640 nm. This allows only the emission light to be collected by the camera. The

light is further separated by a long pass dichroic mirror into green fluorescence and

red fluorescence and focused separately on a sCMOS camera. The two different

fluorescence channels show the same field of view with the emission light split by

wavelength.

1.3.2 Epi-Fluorescence Microscopy

Epi-fluorescence microscopy uses a microscope set-up similar to total internal re-

flection fluorescence (TIRF) microscopy (Section 1.3.1), however, the incident light

is not reflected at the surface of the sample but instead directly excites the sample,

see Figure 1.11. The emission fluorescence is collected back through the objective

and filtered and directed on to the camera. Unlike TIRF, most, if not all, of the

depth of the sample is illuminated, with the sample experiencing a higher intensity

of illumination light. Conventional epi-fluorescence does not lend itself to single-

molecule studies due to the higher intensity background fluorescence from a large

excitation volume.

1.3.3 HILO Microscopy

One way to reduce the high intensity background fluorescence of epi-fluorescence

microscopy, whilst maintaining a higher imaging intensity than TIRF microscopy,
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Figure 1.11: Optics for total internal reflection (TIR) fluorescence microscopy, epi-
fluorescence microscopy and highly inclined and laminated optical sheet (HILO)
microscopy. TIR: the excitation beam is totally internally reflected at the coverslip-
specimen interface. Epi: the excitation beam is angled straight into the sample
perpendicular to the coverslip. HILO: the excitation beam enters the specimen at
an angle as a thin optical sheet. Image adapted from [44].

is by using highly inclined and laminated optical sheet (HILO) microscopy [44].

The excitation beam in HILO microscopy enters the sample at an angle rather

than directly as in epi-fluorescence microscopy, see Figure 1.11. The angled illu-

mination allows the excitation intensity to be high whilst minimising the excitation

volume, leading to a better signal-to-background ratio than epi-fluorescence mi-

croscopy by approximately eight-fold [44]. In comparison to TIRF microscopy,

the higher excitation intensity makes HILO microscopy more favourable for excit-

ing single molecules inside cells but with a better signal-to-background ratio than

epi-fluorescence microscopy.

1.3.4 Bright Field Microscopy

Bright field microscopy is a simple form of microscopy where the sample is di-

rectly illuminated, for example from above, with the light passing through the

19



sample and collected by the objective. Bright field images are low resolution and

typically consist of dark areas, where the incident light was absorbed, on a white

background. Bright field imaging is exclusively used in this thesis to image the

location of cells.

1.4 Single-Molecule Nucleic Acid Hybridisation

Nucleic acids, created by repeating nucleotides, are able to bind to other nucleic

acids through complementary base pairing. This is seen most commonly in DNA

duplexes, where two single stranded DNAs (ssDNAs) hybridise to form a double

stranded DNA (dsDNA) molecule. Nucleic acid hybridisation can be modelled as

a nucleation step with one to a few bases binding between two single-stranded

nucleic acids, then further binding of the rest of the bases from the nucleation site

outwards until the construct is completely hybridised [45], [46]. When modelling

hybridisation, a three-state model, rather than a two-state model, appears to fit

most accurately. The three stages being: two single-stranded nucleic acids that do

not interact, unstable intermediates with some level of binding between the two

ssDNAs and stable fully bound double stranded nucleic acid constructs [47], [48].

Hybridisation does not always result in stable constructs, as nucleic acids can

dissociate after even fully hybridising. This can happen repeatedly with the same

or different nucleic acids and is known as transient hybridisation. Transient hy-

bridisation of DNA can be quantified by an equilibrium constant, Keq:

Keq =
k

′
on

k
′
off

(1.3)
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where k
′
on is the association rate and k

′
off is the dissociation rate. From Equa-

tion 1.3, transient binding can be viewed as two separate process, annealing of

the nucleic acids described by an association rate k’
on and denaturing of the dou-

ble stranded nucleic acid described by a dissociation rate k’
off. The association

rate, k’
on, is dependent on the concentration of the fluorescently labelled ssDNAs

available for binding. Another way the binding can be quantified, taking into con-

sideration the concentration of the ssDNAs, is by the association rate constant kon

(M-1s-1). For low labelled-ssDNA concentrations below 300 nM, one can assume

that there are no reactions between the labelled ssDNAs, making the dissociation

rate, k’
off, equivalent to the dissociation rate constant, koff (s-1) [49]. Further, under

the assumption of no photobleaching of the fluorescent dyes, the association rate

constant, kon, can be written as kon = τunbound
-1 [ssDNA]-1 and the dissociation

rate constant, koff, can be written as koff = τbound
-1, where τunbound is the average

time between hybridisation events and τbound is the average time of a hybridisation

event [50].

Single-molecule fluorescence microscopy allows individual DNA hybridisation

events to be observed directly, therefore enabling the investigation of the kinetics

of such reactions. Commonly, in surface-based studies that use TIRF microscopy,

ssDNAs are labelled with fluorescent dyes and recorded for seconds to minutes as

they bind to a complementary ssDNAs appropriately spaced on a solid support.

If the duration of binding events is plotted as a cumulative distribution, two dis-

tinct average times for the duration of hybridisation can be extracted. The ‘short’

lifetime can be assumed to be partial hybridisation events (stage two of hybridi-

sation) with the ‘long’ lifetime associated with full hybridisation (stage three of

hybridisation) [51].
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1.4.1 Experimental Influences on Observing DNA Hybridi-

sation

Surface-Immobilised DNA Hybridisation

Commonly, surface-immobilised DNA hybridisation experiments are conducted

using TIRF microscopy, where labelled or unlabelled ssDNAs (probes) hybridise

with ssDNAs immobilised on a passivated glass surface. Immobilisation is usu-

ally achieved through a biotin-neutravidin linker; however, there are alternative

ways to immobilise DNA on the surface, such as by using ssDNAs immobilised

on DNA origami [52], on surface-tethered nanoparticles [53] or on long tethers

[54]. Figure 1.12a shows some different methods used to surface-immobilised DNA

hybridisation using TIRF microscopy. A large advantage of studying DNA hybridi-

sation with immobilised DNA, is the ability to observe the same DNA molecule

during multiple hybridisation events; however, the local environment for surface-

immobilised DNA is drastically different than DNA free in solution.

From single-molecule fluorescence movies of surface-immobilised DNA the ki-

netics of hybridisation can be calculated through the changes in the intensity of

fluorescence measured over time - the exact changes depend on the experimental

fluorophore design. For example, a fluorophore can be used for localisation of a

binding site either on the immobilised DNA, or in close proximity, and a differ-

ently coloured fluorophore can be directly excited on the hybridising DNA with

a recorded increase in fluorescence upon hybridisation. A similar design uses a

pair of fluorophores, one on each ssDNA, to observe binding through the use of

Förster resonance energy transfer (FRET) between the two fluorophores in close

proximity. Another method of fluorophore labelling, is creating one set of the
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ssDNAs with a fluorescence quencher, a non-fluorescent molecule that absorbs en-

ergy, and when the quencher strand hybridises with a fluorescently labelled strand

the reduction/absence of fluorescence indicates binding. Figure 1.12c shows a

field of view from a movie of labelled ssDNAs being directly excited when bind-

ing to surface-immobilised ssDNAs that were previously localised using a different

coloured fluorophore, first example in Figure 1.12a. For each single-molecule a

fluorescence intensity vs. time trace can be plotted for the length of the movie.

By measuring the duration of binding events (tbound) and the time between bind-

ing events (tunbound) frequency histograms can be created and fitted by a decaying

exponential function when assuming a two-state model. From the decaying expo-

nential fit, the average time of hybridisation (τbound) can be calculated from the

tbound histogram and the average time between hybridisation events (τunbound) can

be calculated from the tunbound histogram, as shown in Figure 1.12d.

Compared to solution-based experiments, ssDNAs that hybridise with surface-

immobilised DNAs experience a greater repulsive electrostatic force [55], [56], [57].

When modelled, the electrostatic repulsion from surface-immobilised ssDNAs is

the main reason for reduced kon when compared to solution-based models [58].

Crowding of the DNA at high densities [59] and non-specific interactions of the

probes with the surface [60] also contribute to a reduction of kon. Intriguingly,

single-molecule measurements have shown that after non-specific binding, probes

perform a search process on the surface but the result is a low yield of hybridisation

with the immobilised DNA, therefore, there is no increase of kon [59], [61]. On the

other side of the reaction, single-molecule surface-based studies are able to show koff

is a combination of multiple distinct dissociation rates, corresponding to different

dissociation behaviours, rather than a single average rate as seen in ensemble
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studies [61], [62]. Interestingly, the type of surface used can also affect koff with

hydrophilic surfaces decreasing the average koff when compared to hydrophobic

surfaces [51].

There are alternative single-molecule fluorescence methods for surface-based

experiments which do not directly tether the DNA, such as trapping or confine-

ment of the hybridising DNAs. Surface-tethered lipid vesicles (around 100 nm

in diameter), which contain fluorescently labelled biomolecules, are an example

of confinement [63]; within each vesicle, the DNAs can freely diffuse and interact

without being modified or hindered by tethering, allowing DNA hybridisation to

be observed [64], as shown in Figure 1.12a. Since the membrane of lipid vesicles

acts as a barrier to exchanging molecules with the exterior of the vesicles, consid-

erable effort has been taken to make them porous [65], [66], [67]. Even with such

alternatives, there is no universal method of surface immobilisation which allows

DNA hybridisation kinetics to be observed as they would be free in solution.

DNA Hybridisation in Solution

Traditionally, ensemble fluorescence experiments of DNA hybridisation were con-

ducted in solution; currently, this is also a method that makes this possible at the

single-molecule level. Through the use of a confocal microscope (Figure 1.12b), a

small volume of a sample (≈0.2 fl) [68] can be fluorescently illuminated, enabling

imaging of single molecules as they diffuse in solution. However, standard confo-

cal microscopy only provides a brief snapshot (≈1 ms) as each molecule randomly

diffuses through the excitation volume. Therefore, standard confocal microscopy

is not well suited to observing multiple hybridisation events on a single molecule

over long time periods, which is needed to gather data on hybridisation kinetics.
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Figure 1.12: a) Methods for surface-immobilised single-molecule DNA hybridisa-
tion measurements. From left to right: single stranded DNA (ssDNA) immobilised
via biotin/neutravidin, ssDNAs immobilised via DNA origami, ssDNAs immo-
bilised via a tethered nanoparticle, ssDNAs confined via immobilised lipid vesicle.
Polyethylene glycol (PEG) on surface of glass slide to allow immobilisation via
biotin and neutravidin. In sample, ssDNA labelled with fluorophores (F) or flu-
orescence quenchers (Q) excited by evanescent field from total internal reflection
(TIR) of incident laser beam. b) Confocal microscopy for single-molecule imag-
ing of hybridisation between fluorescently labelled ssDNAs and ssDNAs labelled
with a quencher within the confocal volume, shown by dashed ellipse. c) Exam-
ple of field of view from movie of hybridisation of fluorescently labelled ssDNAs
to surface-immobilised DNA. Scale bar 10µm. Red box: Example fluorescence
intensity vs. time trace for a single unlabelled surface-immobilised DNA under-
going transient hybridisation with fluorescently labelled ssDNAs. A hybridisation
event is characterised as a rise in fluorescence. The time for hybridisation can be
measured as tbound and the time between binding events measured as tunbound. d)
Histograms of tbound and tunbound, fitted with a decaying exponential function (y(t)
= Aexp-t/τ , where A is a constant, τ is the calculated average time) to calculate
the average bound time, τbound and the average unbound time τunbound.
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A new confocal microscopy method, 3D single-molecule tracking (3D-SMT),

has been developed to observe transient DNA hybridisation in solution over longer

time periods (≈1 s) [69]. As the total maximum acquisition time is short, only fast

transient hybridisation events between very short DNAs (8 nucleotides or less) can

be recorded. Another novel approach for longer observations of DNA hybridisation

in solution uses fluorescence to monitor the position of a labelled DNA whilst in

the presence of an electric field. The changes in the DNA’s diffusion and drift

reveals the kinetics of hybridisation [70]. Clearly, measuring DNA hybridisation in

solution would avoid the changes in the kinetic rates seen for surface immobilised

assays, but currently there is no solution-based method able to provide as high

a throughput on hybridisation kinetics over longer periods of time as surface-

immobilised assays.
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Effect of Fluorophores on Hybridisation Kinetics

DNA hybridisation can simply be modelled as the interaction of two ssDNAs,

however, in fluorescence microscopy one or both of the DNAs is modified for the

inclusion of a small-molecule fluorescent dye. Fluorescent dyes are usually chosen

specifically for their optical properties with less consideration for how the fluo-

rophore interacts locally. When using an assay with fluorescently labelled DNAs,

dye-DNA and dye-dye interactions during DNA hybridisation can potentially alter

hybridisation kinetics.

At the ensemble level, dye-dye or dye-quencher interactions, where a quencher

is a non-fluorescent molecule that absorbs energy, between labelled strands have

been shown to reduce koff, therefore, creating a stabilising effect for hybridisation

[71], [72]. As well as dye-dye interactions, dyes attached at the end of a DNA, also

known as terminal dyes, reduce koff due to stacking interactions with the adjacent

end DNA bases [73].

Single-molecule fluorescence measurements have been able to look further at

the changes in hybridisation kinetics due to the presence of fluorophores. DNA

hybridisation between two fluorescently-labelled ssDNAs, or within a fluorescently-

labelled DNA hairpin, found dye-dye interactions to increase the stability of the

hybridisation and reduce koff [64], [74]. Similarly, single-molecule experiments

show terminal labelling with a cyanine fluorescent dye (Cy3) stabilises hybridisa-

tion by stacking with terminal bases, reducing koff, but also leads to an increase

in kon of oligonucleotides [60], [64], [75]. Terminal dyes not only stabilise hybridi-

sation through stacking but electrostatically interact with the DNA in dye-DNA

interactions, with positively charged dyes showing a larger stabilising effect than
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negatively charged dyes [74]. Fluorescently labelling DNA clearly shows stabilis-

ing effects during hybridisation leading to a decreased koff but can also increase

kon in terminally labelled DNA. Therefore, the transient binding of fluorescently

labelled ssDNAs needs to be considered a modified interaction compared to un-

labelled DNAs. However, fluorescence based measurements of DNA hybridisation

are still incredibly powerful and useful tools in biotechnology.

1.4.2 Intrinsic Factors Affecting DNA Hybridisation Ki-

netics

DNA Sequence

A DNA duplex exists as two ssDNAs bound together through complementary base

binding via hydrogen bonds and stacking interactions between bases. For base-

pairing, adenine (A) - thymine (T) binding consists of two hydrogen bonds and is,

therefore, weaker than guanine (G) - cytosine (C) binding which forms three hydro-

gen bonds. It is well known that a DNA sequence with a higher G/C content will

hybridise more stably than a sequence containing mostly A/T bases, consequently,

playing a determining factor in the dissociation rate of transient hybridisation. In-

triguingly, modelling of sequence dependent effects on DNA hybridisation shows

that DNA sequence can, in fact, affect both the association and dissociation rates

[76]. At the single-molecule level, where DNA hybridisation kinetics can be di-

rectly imaged, the DNA sequence used for multiple binding sites has been seen

to affect the kon of individual probes. If multiple side-by-side binding sequences

are used, there is a linear increase in the total number of binding events to that

entire binding site compared to a single binding sequence, as would be logically

28



expected. If the binding sequence is designed as periodic sequence motifs, such

as a repeating TCC sequence, rather than the whole binding sequence repeating

side-by-side, the same linear increase in kon with an increase in the number of

binding sites is observed for the entire binding area [77]. Compared to side-by-side

repeats, periodic sequence motifs provide the same number of individual binding

sites, however, they are not all available at the same time due to the overlap-

ping nature of the binding sites. Therefore, periodic sequence motifs increase kon

for individual probes as predicted by theory, as there are more ways to correct

misalignment before hybridisation of the entire probe [76].

Number of Bases

The actual sequence of bases is important in the hybridisation kinetics but also

is the number of bases involved in hybridisation. From ensemble experiments, it

is well established that long complementary ssDNAs bind more stably than short

complementary ssDNAs during DNA hybridisation. Single-molecule experiments

are able to give greater insight into the exact changes in the kinetics of DNA

hybridisation when the length of the DNA is changed. For short DNAs (7-12

nucleotides), an extra base in length can dramatically change the duration of time

for which the ssDNA hybridises before it thermally dissociates [49], [78], [79],

with koff drastically decreasing with increasing length [49], [80], [81], [82]. In fact,

there is a negative single exponential relationship between koff and the length of

DNA [49]. However, during such hybridisation events, kon does not show any

noticeable change when the ssDNA is free of secondary structures. Understanding

the changing kinetics of DNA hybridisation at the level of an additional base is

essential for the development of biotechnologies which depend on the repeated
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binding of short ssDNAs.

Single Base-Pair Mismatch

Although the length of a DNA can be an indication of the stability of its binding

during hybridisation it is necessary to know the DNA sequence and its complemen-

tarity with the other DNA involved in hybridisation. Base-pair mismatches have

a destabilising effect on DNA hybridisation and the shorter the DNA the larger

the effect of even a single base mismatch on the stability. Single-molecule experi-

ments are able to show clearly that a single base-pair mismatch can dramatically

decrease the time a DNA is hybridised due to increases in koff [78], [83], [84], [85],

[86]. Commonly, single-molecule fluorescence experiments use a central mismatch

for discrimination from the complementary [84], [85], [86], [87], with a minority

of experiments placing mismatches away from the centre [78], [83]. Further, the

type of mismatch can also affect the change in the dissociation rate; e.g., C-C

mismatches are more destabilising than G-G mismatches [64]. The effect of mis-

matches on kon is much less clear. Multiple studies have found that kon decreases

in the case of a single-base mismatch [64], [84], [85], [86]; however, other studies

claim there to be no change [83], or in fact, an increase [64]. When looking specif-

ically at kon of short DNAs, seven contiguous bases are necessary for the smallest

decrease in kon, indicating terminal mismatches have the least impact [64].

Secondary Structure of ssDNA

Formation of a secondary structure due to transient hybridisation within a single

DNA strand can occur when it diffuses in solution or when it is tethered on a

solid support; such secondary structures can affect hybridisation kinetics. Specif-
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ically, both ensemble and simulated DNA hybridisation experiments showed that

secondary structures in DNAs can drastically reduce kon during hybridisation [48],

[88], [89], [90], [91]. Single-molecule experiments, which are capable of measuring

small distances, such as between two points on a DNA, are well suited to study

the negative effect of secondary structures on kon. A reduction in kon is observed

for secondary structures in the hybridising strand, such as non-competing duplex

regions within the strand [92], and also due to strands internally forming hairpins.

When comparing DNAs of the same hybridising sequence those which formed hair-

pin secondary structures had a reduced kon compared to unstructured DNAs of a

similar length [51]. This decrease in kon, due to secondary structures, can even be

seen for short DNAs [54], [93]. For technological applications, where fast repeated

hybridisation is desired, such as DNA-PAINT [80], a reduced kon is unfavourable.

To avoid this, a DNA sequence with no internal complementary bases can be used

to eliminate most secondary structures that reduce kon [94].

1.4.3 External Factors Affecting DNA Hybridisation Ki-

netics

Salts

The overall negative charge that nucleic acids carry, due to the negatively charged

phosphate groups in the DNA backbone, results in repulsive electrostatic forces

during DNA hybridisation which must be overcome for successful hybridisation.

This repulsion applies to nucleic acids in solution but even more so to a situation

where a local field is produced, such as nucleic acids immobilised on a surface – a

key method used for single-molecule fluorescence DNA hybridisation studies.
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A way to shield (or “screen”) the electrostatic forces, and consequently increase

the rate of hybridisation, is to add cations in the form of salts to the local envi-

ronment. Monovalent and divalent cations, such as Na+ and Mg2+, can be used

to shield the electrostatic repulsion between two ssDNAs, hence facilitating and

stabilising hybridisation. At the ensemble level, which cation or combination of

cations is the most effective is debated [56], [95], [96] but it is universally recog-

nised that cations play a large role in shielding the electrostatic repulsion between

ssDNAs, hence encouraging duplex formation.

As one of the key controllable variables in single-molecule DNA hybridisation,

the effects of salt type and concentration have been examined extensively. It is

generally seen that kon positively correlates with the salt concentration in solution

independent of which salt cation [49], [51], [54], [64], [94]. As an alternative, there

are also other molecules that can provide electrostatic shielding such as cationic

conjugated polymers (CCPs) [85]. In terms of hybridisation, the increased kon due

to the presence of cations is due to increasing the proportion of successful binding

events [51] as the cations alter the structure of the ssDNAs making hybridisation

more favourable [49]. This trend in increasing kon, however, is not seen for struc-

tured ssDNAs such as hairpins [51], as the opening rate of hairpins slows with

increasing salt concentrations due to stabilisation of the secondary structure [97].

Although it is clear that an increase in salt concentration has a positive effect on

kon for unstructured ssDNAs, any correlation with koff is not. Some studies report

a slight decrease in koff with an increase in the salt concentration [49]; however,

surpisingly there is commonly very little or no change in koff with increasing salt

concentrations [51], [54], [64].
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Concentration

An ever-present external factor in DNA hybridisation is the concentration of the

ssDNAs in solution. Single-molecule studies show that the association rate, k’
on,

linearly increases with increasing concentration of hybridising ssDNAs in solution

[49], [75], [80], [93], [98]. On the other side of the reaction, there is no known

dependence between the dissociation rate k’
off and the concentration of the same

ssDNAs in solution [80], [93]. The maximum concentration of labelled ssDNAs in

single-molecule TIRF microscopy measurements is limited to a maximum of 50-

100 nM, due to the fluorescence background produced by unbound DNA, which if

too high, can prevent the detection of single molecules.

Temperature

Another external factor during DNA hybridisation is the temperature, and as tran-

sient hybridisation is thermally driven, the temperature of the measurement will

affect the kinetics of DNA hybridisation. A high temperature provides short DNAs

with more thermal energy to escape a hybridised state, as shown in the observed

increase of koff in single-molecule imaging experiments [80]. When investigated

further with single molecules the behaviour can be described by Eyring transition

state theory [99]. Interestingly, kon has been seen to slightly decrease with increas-

ing temperature [80], possibly due to increased events where the ssDNA dissociates

whilst in the process of trying to hybridise – known as abortive hybridisation.
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1.4.4 Coaxial Stacking

Most of the discussion on nucleic acid hybridisation here has focused on two ssD-

NAs that anneal to form a dsDNA construct. However, it is possible for ssDNA

to hybridise with many types of constructs such as a single stranded overhang

of a dsDNA or within the gap of a gapped dsDNA. The region upon which the

ssDNA binds is itself single-stranded but may be next to or surrounded by double-

stranded regions. If the ssDNA were to bind adjacent to a double-stranded region,

the stacking interactions and the change in the local structure of the DNA [100]

would stabilise the binding of the ssDNA and reduce the dissociation rate. This

is known as coaxial stacking. In the case of binding to gapped-DNA, for a ssDNA

that is the same length as the gap, there would be interactions at both ends of

the ssDNA having an additive effect. This coaxial stacking stabilises the ssDNA

leading to the increased stabilisation; therefore, a decreased dissociation rate when

compared to ssDNA annealing with another ssDNA [101], [102].

1.4.5 DNA-PAINT

DNA-PAINT (Points Accumulation for Imaging in Nanoscale Topography) is a

super-resolution imaging technique which utilises the binding kinetics of DNA

hybridisation to avoid common issues with photophysics of the fluorophores in

imaging [80]. A ssDNA (docking strand) is immobilised on DNA origami and

complementary labelled ssDNAs (seals) are in solution surrounding the docking

strand. When a seal transiently binds with the docking strand the fluorophore

enters the illumination region of a TIRF (total internal reflection fluorescence)

microscope. The binding is indicated with a sharp increase in the fluorescence
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Figure 1.13: Schematic of DNA-PAINT. a) Surface immobilised DNA origami
construct with a protruding single strand DNA docking strand - labelled comple-
mentary seals are solution. b) A labelled complementary seal has bound to the
docking strand. The fluorophore on the seal fluoresces as it is within the excitation
region of the laser. c) Intensity-time trace of the detection of transient binding of
the seal. A binding event is identified as a sudden large increase in fluorescence
intensity with the fluorescence decreasing suddenly upon dissociation of the seal.
Image adapted from [80].

signal which reduces back to the background fluorescence when the seal dissociates,

see Figure 1.13.

The labelled DNA seals are short (≤ 10 nucleotides), therefore, due to thermal

energy the seals will dissociate from the docking strand after a short period of

time, being replaced by another seal from solution. The continuous interrogation

of the docking strand in DNA-PAINT allows the errors due to photobleaching to

be eliminated from the experiment allowing long acquisitions. The ability avoids
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photophysical errors and, therefore, imaging for prolonged periods of time allows

accurate position information to be gathered. Chen et al. [103] showed that DNA-

PAINT can be used with a spatial accuracy of 30 nm.

Since its invention, DNA-PAINT has been implemented alongside many dif-

ferent super-resolution microscopy techniques in order to image targets inside

cells, such as structured illumination microscopy (SIM) [104], stimulated emission

depletion (STED) microscopy [105], stochastic optical reconstruction microscopy

(STORM) [106], [107] and spinning disk confocal (SDC) microscopy [108]. DNA-

PAINT has so far had a wide range of biological applications such as imaging

synaptic proteins [109], imaging forces inside live cells [110], creating 3D images

of internal cell structures [107], [111] and immunostaining of neuronal cells and

tissues [104], [105].

1.5 DNA Sequencing

Only within the last forty years have successful methods to sequence DNA been

developed [112], [113]. The first methods of DNA sequencing were developed

in 1977, the chain termination method by Sanger et al. [112] and the chemical

degradation method by Maxam and Gilbert [113].

Sequencing by hybridisation is an established sequencing technique which was

first proposed in 1988 by various groups [114], [115], [116]. Sequencing by hybridi-

sation is conducted through the binding of oligonucleotides (oligos) of a specific

length to an unknown DNA to read its sequence. When a labelled oligo from solu-

tion binds to the immobilised DNA, a region of the unknown DNA sequence which

is complementary to the oligo, is identified. Although well established, sequencing
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by hybridisation methods do not provide position specific sequences.

There are many different methods for DNA sequencing, some involve hybridis-

ation whilst others involve synthesis but the majority involve the amplification of

the DNA. Amplification can introduce errors during the replication process, mak-

ing methods such as single-molecule sequencing, that do not employ amplification,

desirable.

1.5.1 Single-Molecule DNA Sequencing

Within the last decade, single-molecule DNA sequencing has grown in importance

with there now being a large commercial market. Although single-molecule se-

quencing can eliminate amplification errors, current single-molecule methods have

only been developed for long-read sequencing. Pacific Biosciences and Oxford

Nanopore Technologies are two examples of assays that dominate the commercial

single-molecule long-read sequencing market.

Pacific Biosciences use an immobilised single polymerase within a zero-mode

waveguide to incorporate fluorescently labelled nucleotides as DNA synthesis pro-

ceeds [117]. Once a labelled nucleotide is incorporated the fluorophore is excited

and imaged allowing a single base to be read in real time (Figure 1.14a). Oxford

Nanopore Technologies’ DNA sequencing method instead utilises the potential dif-

ference across a protein pore [118]. Each nucleotide produces a signature shift in

the pore voltage allowing individual bases to be read as a ssDNA is passed through

the pore (Figure 1.14b).

Both of the single-molecule sequencing techniques implemented by Pacific Bio-

sciences and Oxford Nanopore Technologies utilise a surface immobilised protein
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Figure 1.14: a) PacBio: RNAP immobilised in a zero-mode waveguide incorporates
a fluorescently labelled nucleotide which is excited through total internal reflection
fluorescence allowing the base to be read. [119]. b) Oxford Nanopore: as it passes
through the nanopore each nucleotide produces a signature potential difference
allowing the base to be called. [120]

to sequence DNA that is in solution. The immobilised protein prevents single-

molecule investigations of different protein-DNA interactions which are usually

conducted with surface immobilised DNA. Therefore, current single-molecule se-

quencing methods are incompatible with investigating protein-DNA interactions.
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Chapter 2

Gapped-DNA Hybridisation for

Gap-Seq

2.1 Introduction

Driven by the human genome project [121], DNA sequencing has evolved from the

early chain termination [112] and chemical degradation methods [113] of the 1970s

to what is now labelled ‘next generation sequencing’. Although next generation

sequencing has revolutionised DNA sequencing, the majority of next generation

sequencing methods rely on the amplification of DNA, introducing base errors.

The desire for high accuracy has led to single-molecule sequencing, free from the

DNA amplification that leads to sequencing errors.

Single-molecule DNA sequencing methods have made important contributions

to genomics, diagnostics and functional analysis of genetic processes. Despite the

fact that there are a large variety of single-molecule sequencing methods, there

is currently no systematic way to connect the functional properties of a single
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DNA molecule with DNA sequence. Here, experiments are described towards the

development of ‘Gap-Seq’, a short-read single-molecule sequencing method that

interrogates DNA sequence through the transient binding of short fluorescent DNA

strands to surface immobilised gapped-DNA substrates, see Figure 2.1.

The proposed first stage in the Gap-Seq method is to have many gapped-DNA

of different sequences immobilised on the surface via PEG, biotin and neutravidin.

Fluorescently labelled short DNAs (seals) that are designed to probe the sequence

in the gapped-DNA are then placed in solution. The first base of the seal will

be known allowing sequencing of the first base in the gap and the rest of the seal

will contain degenerate (D) or universal bases enabling the correct seal to be fully

complementary to the rest of the gap sequence. A degenerate base is formed when

a mixture of the four possible bases is used during the synthesis of DNA and a

universal base is a synthetic base designed to bind to all bases. Seals that are fully

complementary to the gap sequence will bind more stably than seals that form any

mismatches. Fluorescence intensity vs. time traces for each gapped-DNA will show

transient hybridisation events indicated by the increase in fluorescence upon seal

binding and decrease when the seal dissociates. These fluorescence intensity vs.

time traces can be analysed and the length of time for hybridisation (dwell time)

and the time between hybridisation events (off time) measured. The measured

times can then be plotted in a frequency histogram and mathematically fitted to

find the average time for hybridisation and the average time between hybridisation

events. The fully complementary seal will have a longer average dwell time that

any seals with a mismatch, therefore, if the seals are coded via a fluorophore the

first base of the seal can be identified and the first base in the gap sequenced.

Gap-seq could then be used to sequence further bases in the gapped-DNAs by
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moving the position of the known base in the seal. As Gap-Seq aims to seqe-

unce a single base at a time it will become a single-molecule short-read sequencing

method. Gap-Seq merges both the single-molecule sequencing and the sequencing

by hybridisation fields, with advancements in the ease of implementation to ex-

isting set-ups and the ability to gain position specific information. Inspiration for

Gap-Seq was taken from DNA-PAINT [80], a super-resolution imaging technique

that uses the repeated binding and dissociation of labelled oligonucleotides (oligos)

to ssDNA binding points to create super-resolution images of samples.

One of the main applications of Gap-Seq will be to directly read the sequence

of protein-DNA/RNA interactions and reactions as there are many different va-

rieties. Some proteins interact with DNA/RNA by simply binding, such as the

bacterial transcription factor catabolite activator protein (CAP) [122]. Other pro-

teins when they bind to specific DNA sequences instigate reactions, for example

RNA polymerase (RNAP) initiating transcription. The sequence specificity of

protein binding is also utilised in aptamers (three-dimensional DNA/RNA) that

are used to capture specific proteins with biomedical applications. Clearly, there

exists a vast array of protein-DNA/RNA sequence dependent interactions - the

motivating factor behind developing an assay to link DNA phenotype to sequence.

This chapter features proof-of-principle experiments in the development of

‘Gap-Seq’: a new short-read single-molecule DNA sequencing method based on

transient DNA hybridisation. To investigate if a single base could be read at a

time through a noticeable change in hybridisation kinetics, the dwell times for

fully complementary seals and those with a single base mismatch were examined.

The robustness of the method was tested for A/T rich sequences and fluorescence

quenching was implemented to allow a higher working concentration of seals. Fi-

41



Figure 2.1: Schematic of the proposed high-throughput Gap-Seq assay. Gapped-
DNA of varying sequences are immobilised on the surface. Fluorescently labelled
(F1/F2...) oligonucleotides (seals) that are designed to probe the first base (N1)
in the gapped-DNA transiently hybridise in the gaps. To interrogate the first
base in the gap, the first base of the seal is known followed by degenerate (D) or
universal bases. Seals that are fully complementary to the sequence in the gap
will bind more stably than seals that form any mismatches. Fluorescence intensity
(F) vs. time traces of the transient binding events (where increase in fluorescence
intensity signifies a binding event) can be extracted for each gapped-DNA. Analysis
of the kinetics of hybridisation allow the complementary seal to be identified and,
therefore, informing on the first base in the sequence of the gap.
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nally, experiments were conducted with degenerate and universal bases to show

how Gap-Seq can be used to sequence unknown DNA sequences.

2.2 Results

2.2.1 Observing DNA Hybridisation in Gapped-DNA

First, it was important to establish the ability to view DNA hybridisation to

gapped-DNA. In order to do this, a gapped-DNA hairpin construct, labelled with

Cy3B was surface-immobilised via PEG-biotin/neutravidin linkage to biotin on

the hairpin, see Materials and Methods. The gapped-DNA hairpin construct was

formed through the hybridisation of a 78 nt biotinylated hairpin and complemen-

tary 27 nt Cy3B labelled DNA. The gap was 15 nucleotides (nt) long with in-

dividual experiments conducted for complementary ATTO647N labelled ssDNAs

(seals) of different lengths in solution with approximately 1000 hairpins immo-

bilised on the surface per field of view, see Figure 2.2. Individual experiments

were conducted for a 12 nt seal (GS12-compl-TATTO647N,P28), a 9 nt seal (GS9-

compl-TATTO647N,P28) and a 6 nt seal (GS6-compl-TATTO647N,P28), explanation of

the nomenclature in Materials and Methods Chapter. Cy3B is a green fluorophore,

therefore, excited by 532 nm laser excitation. Under 532 nm illumination a bind-

ing event was characterised by co-localised fluorescent spots in both the green

emission channel (Cy3B fluorescence) and the red emission channel (ATTO647N

fluorescence) due to FRET from Cy3B to ATTO647N(Fig. 2.2). The presence of

FRET between the two fluorophores is possible because of the close proximity of

the dyes when a seal is bound in the gap and no FRET is observed when seals
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Figure 2.2: Example raw data of approximately 1000 biotinylated gapped-DNA
constructs immobilised on the surface and 9 nt labelled seals in solution. Left-
hand panel (green emission channel) shows fluorescence from individual Cy3B flu-
orophores attached to the gapped-DNA constructs when directly excited at 532 nm.
Right-hand panel (red emission channel) shows fluorescence, due to FRET, from
individual ATTO647N labelled seals bound in the gapped-DNAs.

are diffusing in solution. Seals were designed to bind immediately at the 5’ end of

the gap with a 9 bp separation between the fluorophores resulting in a theoretical

FRET efficiency of ≈ 0.9 when the donor fluorophore was excited.

Transient binding events were observed for 75 nM GS12-compl-TATTO647N,P28

and 30 nM GS9-compl-TATTO647N,P28, see Figure 2.3 and Figure 2.4. A binding

event can be identified as a sharp increase in red fluorescence intensity due to

acceptor fluorophore on the seal undergoing FRET from the donor fluorophore
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Figure 2.3: Representative time traces showing transient binding of GS12-compl-
TATTO647N,P28 to biotinylated hairpin gapped-DNA construct with 15 nt gap. Top
traces: Fluorescence-time traces of a transient binding event when excited at
532 nm. Green: fluorescence in the green emission channel due to Cy3B donor
fluorophore (DD - donor excitation, donor emission) red: fluorescence in the red
emission channel, due to ATTO647N acceptor fluorophore (DA - donor excita-
tion, acceptor emission). Bottom trace: FRET-time trace with apparent FRET
efficiency (E) = 0.9 for binding events.
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Figure 2.4: Transient binding of GS9-compl-TATTO647N,P28 to biotinylated hairpin
gapped-DNA construct with 15 nt gap. Top traces: Fluorescence-time traces of
transient binding events when excited at 532 nm. Green: fluorescence in the green
emission channel; red: fluorescence in the red emission channel. Bottom trace:
FRET-time trace with apparent FRET efficiency (E) = 0.9 for binding events.
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on the gapped-DNA. The fluorescence intensity vs. time traces show an anti-

correlation between the fluorescence observed from Cy3B and ATTO647N, with

an apparent FRET efficiency of ≈ 0.9. However, no transient binding events were

recorded for the 6 nt seal (GS6-compl-TATTO647N,P28). As reducing the length of

the DNA reduced the stability of binding it is assumed that transient binding of

the 6 nt seal was faster than the minimum exposure time of the camera of 10 ms.

The initial experiments of transient DNA hybridisation to gapped-DNA show

that transient binding events to the gapped-DNA can be observed through the

evidence of FRET-time traces. The experiments showed successful observation of

repeated transient binding of 12 nt and 9 nt seals, within the 15 nt gapped-DNA,

with seals of 6 nt thought to dissociate too quickly to be detected.

2.2.2 Detecting a Single Base Pair Mismatch

Creating Adjustable Gaps

To create an adjustable sized DNA gap, the hairpin was redesigned as two separate

strands, a biotinylated bottom strand and an unlabelled fully complementary top

strand (right flanking) with the left flanking labelled top strand remaining the

same. The selection of the length of the right flanking top strand allowed the

size of the gap to be altered with the ability to perform experiments with co-

axial stacking, where the seal fits completely into the size of the gap. The whole

construct was lengthened to 65 bps by the addition of 5 bases at the 3’ end. Seals

were designed to be shorter in length than previously ones to allow for faster

repeated binding as previously GS12-compl-TATTO647N,P28 bound quite stably in

comparison to the observation time.
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Using FRET to detect binding to the gapped-DNA confirmed DNA hybridis-

ation to the gapped-DNA, however, the donor fluorophore is liable to bleaching,

limiting the length of observation. Instead of using FRET, Cy3B can be excited

at 532 nm and imaged to create a localisation and then ATTO647N on the seals

directly excited at 638 nm. Fluorescence intensity vs. time traces for such show an

increase in the red fluorescence when a seal binds to the position where a gapped-

DNA was detected. When the seal thermally dissociates, the fluorescence intensity

decreases creating a similar shaped ‘binding event’ as seen in the donor excitation

acceptor emission fluorescence-time traces. As there are many fluorescently la-

belled seals in solution, this circumvents the problem of photobleaching similar to

DNA-PAINT [80].

Fluorescence intensity vs. time traces of individual gapped-DNAs are then

plotted. Hidden Markov Modelling (HMM) analysis is then used to measure the

length of binding events and the time between events. Dwell time histograms can

be plotted for the length of binding events and an off time histogram plotted for

the time between binding events. Dwell time histograms are fitted with a double

exponential decay fit rather than a single exponential decay fit as this is a more

accurate fit, as seen in other experiments [75]. The binding of a seal is not a two

state model (bound/unbound), therefore, the multiple exponential fit accounts for

partial hybridisation or dissociation events, seen as high fluorescence, before the

seal has fully bound. Partial hybridisation or dissociation events are given an aver-

age dwell time by T1 with the fully bound average dwell time described by T2, with

T2 being used for comparisons between different seals. The off time histograms

were fitted with a single exponential as absence of fluorescence represents the one

state were there is no hybridisation.
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Complementary Seal

Figure 2.5: Fully complementary 8 nucleotide (nt) seal binding in a 8 nt gapped-
DNA. a) Example fluorescence intensity vs. time trace. b) Dwell time histogram
with an average dwell times of T1 = 0.95 ± 0.03 s (80%) and T2 = 11.91 ± 0.23 s
(20%); number of events (n) = 6243. c) Off time histogram with average off time
of T = 90.63±1.50 s; number of events (n) = 4635. Recorded with 100 ms exposure
time and 10 nM seal.

The first experiments were performed with surface immobilised gapped-DNA

with a gap of 8 nts and 8 nt fully complementary seals in solution. To moni-

tor the multiple binding events of the seals without excess background fluores-

cence, the seals were suspended at 10 nM in the solution surrounding the gapped-

DNAs. As can be seen from Figure 2.5a, at 100 ms exposure time binding events

of the 8 nt fully complementary seals were detected. Dwell time analysis was then

performed giving average dwell times for the fully complementary seal of T1 =

0.95±0.03 seconds (80%) and T2 = 11.91±0.23 seconds (20%), see Figure 2.5b. A

histogram was also created for the time between binding events with the average
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off time of T = 90.63 ± 1.50 seconds, see Figure 2.5c.

Mismatch Seals

It is known that the length of an oligo [49] and the number of consecutive com-

plementary base pairs (bp) [64] can determine the strength of binding of an oligo.

Therefore, a seal with a single bp mismatch would be expected to bind for a shorter

period of time than a fully complementary seal, especially, if the mismatch breaks

a large number of consecutive bases. If the difference in hybridisation kinetics can

be observed when a fully complementary seal is compared to a single bp mismatch

seal it is a potential way to sequence a DNA base.

Experiments with 8 nt gapped–DNAs but now with single base mismatched

DNA seals were performed next. Seals with single internal mismatches were cre-

ated by substituting cytosine for guanine creating a G-G mismatch at two different

positions, allowing the position of the mismatch and the effect on the dwell time

to be probed. A strong bp was chosen to be mismatched to heighten the increase

in the dissociation rate. GS8-mis5G-TATTO647N,P28 with a position 5 mismatch was

designed and another seal,GS8-mis3G-TATTO647N,P28 with a position 3 mismatch.

As can be seen in Figures 2.6 & 2.7, transient binding was observed for both of

the mismatch seals.

Dwell time analysis was conducted showing the two mismatch seals exhibit-

ing a shorter average dwell time for full hybridisation compared with the fully

complementary seal. GS8-mis5G-TATTO647N,P28 with an average dwell time of T2

= 9.47 ± 0.18 seconds (15%) (Figure 2.6b) and GS8-mis3G-TATTO647N,P28 with an

average dwell time of T2 = 2.22± 0.01 seconds (26%) (Figure 2.7b). Interestingly,

as both the single base mismatch seals use a G-G mismatch, the large difference
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Figure 2.6: Single base-pair mismatch seal binding to 8 nt gapped-DNA with with
G-G mismatch at position 5 in the seal. a) Example fluorescence intensity vs.
time trace. b) Dwell time histogram with average dwell times of T1 = 0.98±0.02 s
(85%) and T2 = 9.47 ± 0.18 s (15%); number of events (n) = 16 490. c) Off time
histogram with average off time of T = 50.40 ± 0.48 s; number of events (n) = 14
595. Recorded with 100 ms exposure time and 10 nM seal.
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Figure 2.7: Single base-pair mismatch seal binding to 8 nt gapped-DNA with G-G
mismatch at position 3 in the seal. a) Example fluorescence intensity vs. time
trace. b) Dwell time histogram with average dwell times of T1 = 0.54 ± 0.01 s
(74%) and T2 = 2.22 ± 0.01 s (26%) number of events (n) = 32 211. c) Off time
histogram with average off time of T = 41.00 ± 0.34 s; number of events (n) = 29
220. Recorded with 100 ms exposure time and 10 nM seal.
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in average bound times between the two can be assumed due to the position of

the mismatch within the seal. Surprisingly, GS8-mis3G-TATTO647N,P28 shows that

for these seals a mismatch closer to the terminus creates more instability than

an internal mismatch. As expected, figures 2.6c & 2.7c show a reduction in the

average off time with the introduction of a single mismatch base in the seal with T

= 50.40± 0.48 seconds for GS8-mis5G-TATTO647N,P28 and T = 41.00± 0.34 seconds

for GS8-mis3G-TATTO647N,P28.

There is discrimination between the three seals for the average dwell time T2

and for the average off time. For further experiments only the average dwell time is

used as errors can be easily introduced into the calculated off time by varying seal

concentrations between experiments. Therefore, results for further experiments

feature the average dwell times as this can be kept more standard across multiple

experiments as the key factors that affect this are concentration of salt and ambient

temperature. From the average dwell times observed, complementary seals bind

more stably than seals with a single-base mismatch, showing that the kinetics

of transient binding show a promising way to identify a single base at a known

position.

2.2.3 Shorter Seals for Increased Discrimination

As demonstrated with the 8 nt seals, removing a single base pairing through mis-

matching bases reduces the dwell time. A reduced dwell time is favourable as

this allows more binding events to occur in a set time period, hence, increasing

the interrogation rate and speed of the assay to identify a base. In order to test

heightened discrimination at a shorter seal length a fully complementary seal of 6
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Figure 2.8: Fully complementary 6 nt seal, GS6-compl-TATTO647N,P28, at 30 nM
hybridising in a 6 nt gapped-DNA with average dwell times of T1 = 0.11 ± 0.01 s
(85%) and T2 = 0.75 ± 0.02 s (15%) recorded at 10 ms exposure time; number of
events (n) = 1274.

nt (GS6-compl-TATTO647N,P28) and the corresponding mismatch with cytosine for

guanine at position 3 (GS6-mis3G-TATTO647N,P28) were designed to be used with a

6 nt gapped-DNA.

Gapped-DNAs with a gap of 6 nt were immobilised on the surface and exper-

iments conducted with both seals. For GS6-compl-TATTO647N,P28 there were 1274

binding events with average dwell times of T1 = 0.11 ± 0.01 seconds (85%) and

T2 = 0.75 ± 0.02 seconds (15%) recorded at 10 ms exposure time, see Figure 2.8.

However, only a hand full of transient hybridisation events were recorded for the

mismatch seal GS6-mis3G-TATTO647N,P28. The decrease in binding stability of the

seal, due to the mismatch, leads to the hypothesis that transient hybridisation was

scarcely observed as seals bound on average for a shorter time than the exposure

time of the camera. The results here prove the initial hypothesis that shorter seals

provided better single base discrimination, with clear discrimination between the

fully complementary seal GS6-compl-TATTO647N,P28 and the single base mismatch
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seal GS6-mis3G-TATTO647N,P28. Shorter seals could prove instrumental in Gap-Seq

by providing a simpler way to use the kinetics of transient hybridisation to identify

a single base at a known position.

2.2.4 Fluorescence Quenching of Seals

Single molecules that are fluorescently labelled can easily be lost in diffuse back-

ground fluorescence at high concentrations. In single-molecule experiments, low

concentrations of labelled biomolecules are used to reduce the background fluores-

cence. Another way to also reduce the background fluorescence is to implement

the quenching of fluorophores when not involved in the activity of interest. There

are many ways fluorophores can be quenched and one approach used here is static

quenching. Previous experiments in this chapter were conducted with seals la-

belled at the 5’ terminus with a single fluorophore. Here, the use of additional

fluorophores and dark quenchers is explored with a view to reducing the diffuse

background fluorescence. A reduction in the background fluorescence will allow

a higher working concentration of seals, hence, increasing the association rate of

seals hybridising to the gapped-DNAs. For the previous experiments in this chap-

ter, where the seal was singly labelled and there was no fluorescence quenching

implemented, the working concentration was 10-30 nM.

Unbound seals in solution are known to form random coils, a property which

could allow fluorescence quenchers at the ends of the seals to be in close proxim-

ity leading to contact fluorescence quenching [24]. Upon binding to a gapped-

DNA, the seals no longer exist as random coils allowing the two ends of the

seal to be apart, therefore, any contact induced fluorescence quenching would
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cease. Two modified 8 nt fully complementary seals were designed to test flu-

orescence quenching in solution, both labelled with ATTO647N at 5’ terminus:

GSeq-8compl-TATTO647N P28, DABCYL P35 with the fluorescence quencher DABCYL

at the 3’ terminus and GSeq-8compl-TATTO647N P28,P35 with an ATTO647N at 3’

terminus. 8 nt seals have an approximate radius of gyration of 1 nm when unbound

and a length of approximately 3 nm when hybridised, assuming the polymer physics

model of a ssDNA being a random-coil polymer holds at short lengths. The dis-

tance between the fluorophores, which are placed at either end of the DNA, there-

fore changes when unbound or bound allowing the fluorophores to quench each

other or fluoresce respectively.

When illuminated at 640 nm (Fig. 2.9) both seals showed a reduced background

fluorescence when compared to singly labelled seals allowing the working concen-

tration to be increased 3 fold to 100 nM. Comparing the two quenching regimes at

30 nM, the average (signal-to-noise ratio) SNR for GSeq-8compl-TATTO647N P28,P35

was 1.24, whereas, the average SNR for GSeq-8compl-TATTO647N P28, DABCYL P35

was 1.14. At 500 nM, bound seals on the surface are still visible for GSeq-8compl-

TATTO647N P28,P35 providing an upper limit for the concentration of the seal. How-

ever, at 500 nM it is not possible to distinguish single-molecules from the diffuse

background fluorescence for GSeq-8compl-TATTO647N P28, DABCYL P35. Both seals

show similar levels of fluorescence quenching, but due to the increased signal as a

consequence of the second fluorophore, the seal labelled with ATTO647N at both

termini is the more favourable quenching design.

As the Gap-Seq assay is reliant on transient hybridisation to gapped-DNA it is

important that the presence of a quencher or secondary fluorophore does not inhibit

seal binding to the gapped-DNA and the contact quenching is only present when
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Figure 2.9: Raw microscope data (red emission channel) of seals and sur-
face immobilised 8 nt gapped-DNA construct and illuminated at 638 nm. a)
GSeq-8compl-TATTO647N P28,P35 at 30 nM, 100 nM and 500 nM. b) GSeq-8compl-
TATTO647N P28,DABCYL,P35 at 30 nM, 100 nM and 500 nM.
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Figure 2.10: Schematics of the fluorescence quenching of GSeq-8compl-
TATTO647N P28,P35 and GSeq-8compl-TATTO647N P28, DABCYL P35 in solution and un-
quenching upon binding. Fluorescence intensity and FRET time traces of 100 nM
seals transiently binding to a 9 nt gapped-DNA construct. DD - donor exci-
tation, donor emission; DA - donor excitation, acceptor emission. GSeq-8compl-
TATTO647N P28,P35 FRET trace shows apparent FRET efficiency E = 0.5 correspond-
ing to fluorescence from secondary fluorophore only. Exposure time 100 ms.

the seals are unbound. Both GSeq-8compl-TATTO647N P28,P35 and GSeq-8compl-

TATTO647N P28, DABCYL P35 samples were illuminated at 532 nm to test for transient

binding to the 8nt surface immobilised gapped-DNAs using FRET. Transient bind-

ing events were observed for both seals (Fig. 2.10) proving that contact quenching

was terminated when the seals bound to the gapped-DNA constructs.

Interestingly, GSeq-8compl-TATTO647N P28,P35 showed an intermediate FRET ef-

ficiency of 0.5 after E = 0.9 for some binding events (Fig. 2.10). A value of E = 0.5
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is expected for fluorophores of 16-20 bp separation. The ATTO647N, at the 3’

terminus of the seal was 16 bps from the Cy3B fluorophore on the gapped-DNA.

Hence, this intermediate FRET efficiency can be attributed to FRET between

the Cy3B at position 18 and ATTO647N at position 35, when the ATTO647N at

position 28 could no longer participate in FRET.

Both of the doubly labelled seals, GSeq-8compl-TATTO647N P28,P35 and GSeq-

8compl-TATTO647N P28, DABCYL P35, showed successful implementation of fluorescence

quenching with no hindrance in binding for the seals. Further experiments were

designed to incorporate seals terminally labelled with two fluorophores, allowing

100 nM to be used as the new increased working concentration increasing the on

rate of hybridisation to the gap.

After the success of quenching and increased signal with doubly fluorescently

labelled seals a 7nt seal was designed to include three ATTO647Ns, one at each

terminus (as previously) and the third fluorophore in the centre of the seal at

position 4. The seal showed fluorescence quenching properties, however, unlike

the doubly labelled seals no binding events were observed. The absence of binding

events indicates that the third fluorophore either prevents binding to the gap or

more likely that when the seal is bound the fluorophores contact induced quenching

continues as the fluorophores are in too close proximity. Therefore, unfortunately,

triply labelled short seals are not viable to observe transient binding of seals to

gapped-DNA.
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2.2.5 A-T Exclusive Regions

The previous gapped-DNA binding sequences had a majority of strong bps, how-

ever, Gap-Seq needs to be applicable to all possible DNA sequences, particularly

areas known for weaker hybridisation, such as A/T rich sequences. To test the abil-

ity to observe transient hybridisation for regions of weak binding a 7 nt gapped-

DNA construct was designed to have a binding sequence of only A or T bases,

inspired by a common promoter region sequence 5’-TATAATA-3’.

To investigate this, 100 nM GS7-ATrich-TATTO647N,P28,P34 seals, which are A-T

exclusive, were suspended in the standard imaging buffer that were fully com-

plementary to surface immobilised 7 nt gapped-DNAs. Short transient binding

events were observed through the use of FRET between the donor fluorophore on

the gapped-DNA and the acceptor fluorophores on the seal (Figure 2.11a). How-

ever, only 133 binding events were recorded over 3 fields of view to be able to

create a histogram that can be fitted to find an average dwell time, suggesting

that some binding events could not be observed due to a limit of exposure time of

10 ms (Figure 2.11b).

To increase the number of detected binding events by increasing the stability of

binding, an experiment was conducted to determine the effect of tetramethylam-

monium chloride (TMAC). TMAC is known to increase duplex stability for A-T

rich regions by equalising the melting temperature between majority A-T regions

and majority G-C sequences [123]. Again for the same 7 nt seals and gapped-DNA

constructs, 3 M TMAC was added to the standard imaging buffer. Transient hy-

bridisation was again observed (Figure 2.11c), with an increase in the number of

events observed (n = 554) and a dwell time histogram was created from analysis
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Figure 2.11: Binding to A/T rich sequences to test the applicability of the method
to weak binding sequences. A 7 nt seal, exclusively A/T bases, binding in a 7 nt
gapped DNA excited by 532 nm laser to produce FRET. a) Fluorescence intensity
vs. time trace for the seal binding to the gapped DNA under standard imaging
conditions. b) Dwell time histograms of the seal bound in the gap, fitting not
possible due to low number of events; number of events (n) = 133. c) Fluorescence
intensity vs. time trace for the seal binding to the gapped DNA in the presence of
3 M tetramethylammonium chloride (TMAC). d) Dwell time histogram of binding
in the presence of 3 M TMAC, fitted to give T1 = 0.31 ± 0.03 s (88%) and T2 =
1.08 ± 0.31 s (12%); number of events (n) = 554.
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of the fluorescence intensity vs. time traces (Figure 2.11d). Fitting the dwell time

histogram with a decaying biexponential gives the average times of T1 = 0.31±0.03

seconds (88%) and T2 = 1.08 ± 0.31 seconds (12%).

Here, transient hybridisation events were observed for ‘weak’ binding sequences

for 7 nt seals with the ability to enhance the stability of the binding of the seals

through the use of 3 M TMAC.

2.2.6 Interrogation of an Unknown Gap

The experiments earlier in this chapter focus on known sequences for both the gap

and the seals, however, if Gap-Seq is to be useful for sequencing, the ability to

interrogate unknown sequences is critical.

Degenerate Bases

A degenerate base is formed when a mixture of the four possible bases is used

during the synthesis of DNA. Therefore, for every degenerate base (n) there are

4n variations of the sequence of the DNAs. The resulting concentration of the seal

with the fully complementary sequence is 1/4n of the overall concentration of the

seals.

Here, seals were designed to simulate investigating an unknown region of three

bases with the base being ‘sequenced’ in the centre of the two degenerate bases,

see Figure 2.12. Gapped-DNAs with a 7 nt gapped were immobilised on the

surface and 10 nM of degenerate seals were placed in solution. Two experiments

were conducted, one with the complementary base in the middle position GS7-

degenP30,P32-TATTO647N,P28,P34 and the other with a T-T mismatch in the central
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Figure 2.12: Hybridisation of a 7 nt seal doubly labelled with ATTO647N featuring
two degenerate bases at position 3 and 5 in the seal to a 7nt gapped-DNA. a)
Central base (position 5) is known to be complementary to the corresponding base
in the gap. Dwell time histogram of events provides average dwell times of T1 =
0.05±0.01 s (97%) and T2 = 0.48±0.01 s (3%); number of events (n) = 69 150. b)
Central base (position 5) is known to create a T-T mismatch in the gap. Average
dwell times of mismatch seal T1 = 0.05±0.01 s (96%) and T2 = 0.24±0.01 s (4%);
number of events (n) = 29 835. Both experiments were excited at 640 nm with
10 ms camera exposure time.

position GS7-mis4T-degenP30,P32-TATTO647N,P28,P34.

Short transient binding events were observed for both the complementary and
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the mismatch seal with an average fully hybridised dwell time of T2 = 0.48± 0.01

(3%) seconds for the complementary central base and T2 = 0.24 ± 0.01 (4%)

seconds for the central mismatch base. From the average dwell times (T2), there

is evidence that the mismatch seal exhibited weaker binding compared to the

complementary seal. Being able to differentiate a correct base in an ‘unknown’

sequence shows a possible way to use Gap-Seq to investigate unknown sequences.

However, there were some issues with using the degenerate seals. When producing

degenerate bases, a reduced concentration of the complementary seals is formed as

fully complementary seals are only a proportion of the overall seal concentration.

The reduced concentration of the fully complementary seal has a knock-on effect

of reducing the association rate of hybridisation and increasing the time needed

to observe multiple binding events. As interrogating unknown sequences is a key

element of a sequencing assay, another method of sequencing an unknown gap was

investigated.

Universal Bases - 5-Nitroindole

Universal bases are synthetic DNA bases which are designed to bind to all bases,

therefore, exhibit complementary binding to any sequence. Here, the universal

base 5-nitroindole is investigated as an alternative to the use of degenerate bases

when binding to unknown sequences.

A 13 nt seal was designed with four 5-nitroindoles at the 3’ end of the seal as

5-nitroindole when placed towards the terminals of oligonucleotides produces more

stable binding than using 5-nitroindole as an internal base close to the centre of

the oligonucleotide [20]. The choice of four contiguous 5-nitroindoles was made

as multiple 5-nitroindole substitutions that are contiguous have been shown to be
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less disruptive than spaced nitroindoles when positioned towards the ends of the

duplex [20], [21]. Contiguous bases are less disruptive compared to two or more

groups of multiple 5-nitroindole as seperate groups favour binding to each other

creating secondary structures within an oligo - a hinderance for hybridisation.

The optimal number of contiguous 5-nitroindoles is four, with n≥5 leading to the

formation of hairpins [124]. The length of the oligo was chosen to be 13 nt as

when used a substitute for natural bases 5-nitroindole introduces instability in the

binding. Instead of substituting for natural bases, the 5-nitroindoles can be used

to extend the end of an oligonucleotide to prevent a large disruption in stability

of hybridisation. Therefore, the optimal design of an oligonucleotide for transient

binding to an unknown DNA sequence would contain a single group of contiguous

four 5-nitroindoles as an addition to one of the terminus of oligonucleotide that is

already known to bind stably enough for single-molecule detection. Therefore, a 13

nt seal was designed with four 5-nitroindoles at the 3’ end of the seal doubly labelled

with ATTO647N called GS13-N10,11,12,13-TAT647N,P28,P35. This design allows for a

5 base region in the gapped-DNA to be interrogated (the known base preceding

the four universal bases, position 9 in the seal). A second corresponding seal

was designed to create a G-G mismatch at the known base position (position 9),

GS13-mis9G-N10,11,12,13-TAT647N,P28,P35 . The mismatch seal allows investigation of

any difference in the average dwell time for the seal that is complementary at the

known position and a seal with a mismatch at the known position.

First, with surface immobilised gapped-DNA with a 13 nt gap, the complemen-

tary seals at 100 nM were placed in imaging buffer containing 0.25 M NaCl and

imaged at 640 nm with an exposure time of 10 ms. Transient binding events were

observed with dwell time of T1 = 0.12±0.01 seconds (94%) and T2 = 1.00±0.04 sec-
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Figure 2.13: Hybridisation of a 13 nt seal doubly labelled with ATTO647N fea-
turing four universal bases (5-nitroindole) at positions 10-13 in the seal to a 13 nt
gapped-DNA. a)The seal, GS13-N10,11,12,13-TAT647N,P28,P35, is fully complementary
to the sequence in the gap. Dwell time histogram with average dwell times of
T1 = 0.12 ± 0.01 s (94%) and T2 = 1.00 ± 0.04 s (6%); number of events (n) =
1040. b) Mismatch seal, GS13-mis9G-N10,11,12,13-TAT647N,P28,P35, has a G-G mis-
match (position 9) to the sequence in the gap. Average dwell time times of T1 =
0.06 ± 0.01 s (94%) and T2 = 0.51 ± 0.01 s (6%); number of events (n) = 1890.
Both experiments excited at 640 nm with 10 ms camera exposure time.
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onds (6%) for 1040 binding events. For comparison, the mismatch seals at 100 nM

in 0.25 M NaCl were imaged binding to gapped-DNA with a 13 nt gap. Average

dwell times of T1 = 0.06 ± 0.01 seconds (94%) and T2 = 0.51 ± 0.01 seconds (6%)

were recorded for the mismatch seal with 1890 binding events. There is a clear dif-

ference in the average dwell time T2, ≈49%, between the fully complementary seal

and the mismatch seal with the average mismatch seal. These experiments show

how universal bases, such as 5-nitroindole, can be used in the Gap-Seq method

to interrogate unknown sequences. Specifically, these experiments are a proof-

of-principle for identifying the first base in a series of five unknown bases using

Gap-Seq.

2.3 Discussion

This chapter shows the proof-of-principle results for Gap-Seq - a high throughput

single-molecule DNA sequencing method that uses the binding kinetics of labelled

oligonucleotides binding to surface immobilised gapped-DNAs. Although there are

multiple single-molecule sequencing methods, no single method allows the obser-

vation of protein binding followed by sequencing.

The first experiments of binding to hairpin gapped-DNA showed it was pos-

sible to measure the kinetics of seals transiently binding in gapped DNAs. Next,

experiments showed it was possible to identify the difference between a fully com-

plementary seal and a seal with a single base-pair mismatch for 8/6-nt gapped-

DNAs. Decreasing the length of the seal and the size of the gap in the DNA

allowed for clearer discrimination between the two seals highlighting a method to

read the sequence of gap a single base at a time. The implementation of fluo-
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rescence quenching through a secondary fluorophore on the seal showed that the

working concentration can be increased by tenfold allowing a faster rate for hy-

bridisation, therefore, a faster interrogation of the gapped-DNAs. The robustness

of observing DNA transient hybridisation for weaker binding sequences that are

A/T rich was shown and the use of tetramethylammonium chloride (TMAC) cre-

ated more stability for such constructs. Finally, proof-of-principle experiments

showed that Gap-Seq would be able to function with unknown sequences both

through the use of degenerate bases or universal bases.

Gap-Seq is advantageous compared to commercial fluorescence single-molecule

DNA sequencing methods as it can be conducted on a widefield TIRF micro-

scope without the addition of advanced equipment such as zero-mode waveguides.

However, currently Gap-Seq does not use fluidics, which would reduce the labour

intensive process of washing and loading wells. Future installation of fluidics would

make the experiments easier to perform; however, loading of the samples is not

the time limiting step. Currently, the data collection takes 30 minutes and the

data analysis around >3 hours using custom built software. Further work to au-

tomating time-trace selection in the analysis step would dramatically reduce the

time to perform the whole assay, for example, with the use of artificial intelligence

which could be trained on the data already analysed by hand.

In the future, further experiments need to be conducted to establish Gap-Seq

as a single-molecule sequencing technique. The first experiment will be to directly

read a base. Currently, experiments show discrimination between a fully comple-

mentary seal and a seal where the base of interest is mismatched. However, exper-

iments have yet to be conducted with the complementary and the corresponding

three mismatch seals. The experiments will either be carried out sequentially, not-
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ing the order the seals are added in, or conducted simultaneously through colour

coding the fluorophores with respect to the known base used for interrogation as

shown in the Gap-Seq assay in Figure 2.1. Such a method is only affective for

sequencing a few bases due to its time intensive nature. Once fully developed,

Gap-Seq will be an incredibly useful high-throughput single-molecule short-read

DNA sequencing method that can, but not limited to, be used to get a deeper

understanding of sequence dependent protein-DNA interactions.
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Chapter 3

Protein-DNA Interactions

3.1 Introduction

Transcription is a key DNA process for gene expression and one of the main protein-

DNA sequence dependent interactions. During transcription, the sequence of the

DNA template strand is copied by the enzyme RNA polymerase (RNAP) pro-

ducing messenger ribonucleic acid (mRNA). Ribosomes then translate mRNA to

produce proteins, the products of gene expression. Transcription is regulated by

transcription factors which interact with DNA. There are two main classes of tran-

scription factors; activators and repressors. In E. coli, activators can bind (in most

cases, specifically) to DNA sequences upstream of the promoter region to help sta-

bilise the binding of RNAP, whereas repressors commonly bind to the promoter

region blocking the binding of RNAP.

An activator protein of interest is catabolite activator protein (CAP) which is a

transcription factor associated with the lac operon. Transcription of the lac operon

produces polycistronic mRNAs containing the genes for three different enzymes
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that are necessary to transport lactose into the cell, break down lactose and help

to remove toxic by-products. For transcription initiation on the lac operon, there

have to be two jointly occurring factors, a lack of glucose (the favoured source

of carbon) and the presence of lactose. Under such conditions, the transcription

sigma factor 70 (σ70) of RNAP recognises the DNA sequences at the two promoter

regions at the -35 and -10 positions on the DNA and binds the multi-subunit

RNAP to the DNA. CAP increases the affinity of RNAP for the lac promoter,

and accelerates the opening of the transcription bubble by RNAP. CAP is a dimer

formed from two identical subunits and recognises a twofold symmetric 22-base

pair consensus binding sequence 5’- AAATGTGATCTAGATCACATTT-3’ [122] at

position -61.5 upstream from the transcription start site, only binding when cyclic

adenosine monophosphate (cAMP) is present. When CAP binds at the upstream

enhancer element it bends the DNA by approximately 80 ◦, with a primary and

secondary kink allowing further points of contact between the side of the protein

and the DNA [125], see Figure 3.1.

There are a vast array of sequence dependent reactions within bacterial tran-

scription alone and are a clear justification for developing a single-molecule se-

quencing method to investigate such events. Gap-Seq was developed to be used

as the last step in a larger assay to link phenotype to sequence for protein-DNA

interactions. The assay will consist of three individual steps (see Figure 3.2): Step

1 - single-molecule protein interactions with surface immobilised double stranded

DNAs (dsDNAs) are observed, Step 2a - the dsDNAs are denatured leaving im-

mobilised single stranded DNAs (ssDNAs), Step 2b - gapped-DNA constructs are

formed on the immobilised ssDNAs by annealing in situ of left flanking top strands

and right flanking top strands to known sequences either side of the (unknown)
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Figure 3.1: a) Structural model of catabolite activator protein (CAP) bound to
DNA. CAP bends DNA ≈ 80 ◦ through primary (1 ◦) and secondary (2 ◦) kinks.
b) CAP recognises a twofold symmetric 22 bp consensus binding sequence. Black
boxes indicate the regions of the sequence which highly affect CAP binding, red
circles indicate CAP-base contacts. Adapted from [125].
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Figure 3.2: The principle of sequencing protein-DNA/RNA interactions using Gap-
Seq. Step 1: Protein-DNA interactions observed at the single-molecule level. Step
2: dsDNA denatured using NaOH and gapped-DNA formed from hybridisation in
situ. Step 3: Gap-Seq assay is performed with the transient binding of fluorescently
labelled DNAs to gapped-DNAs. Step 3 can be repeated with different seals to
interrogate subsequent bases (D is a degenerate or universal base).

sequence of interest, Step 3 - sequencing the gapped-DNA (Gap-Seq) through

analysing of the kinetics of transiently binding fluorescently labelled oligos (seals).

By using this assay, it is hoped that protein-DNA sequence dependent reactions

can be studied at high throughput giving important insight into DNA-related pro-

cesses.

This chapter first examines how sequence, especially single base changes can af-

fect the behaviour of sequence specific binding proteins, particularly CAP. In order

to apply Gap-Seq to protein-DNA interactions the assay to produce gapped-DNA

in situ is optimised. The final experiments show how protein-DNA interactions

can be linked to sequence at the single-molecule level using Gap-Seq and how the
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method can be used to examine multiple surface immobilised sequences.

3.2 Results

3.2.1 CAP Binding

The first experiments conducted aimed to examine the sequence dependent nature

of CAP binding at the single-molecule level. A 49-nucleotide dsDNA was immo-

bilised on the surface via PEG, biotin and neutravidin (biotin at 5’ end of DNA),

with the 22 base-pair consensus CAP binding sequence within the dsDNA. The

DNA was labelled with Cy3B at the 3’ end allowing for the localisation of the

dsDNA when excited at 532 nm and viewed in the green emission channel of the

microscope, left panel in Figure 3.3. Each of the two CAP subunits was singly

labelled with Alexa647, allowing for excitation at 640 nm and emission in the red

emission channel of the microscope. As the imaging was conducted in TIRF, la-

belled single CAP proteins can be seen in the red emission channel when bound at

the surface (right panel in Figure 3.3). From this, fluorescence intensity vs. time

traces can be produced allowing analysis of CAP binding kinetics.

The consensus sequence was surface immobilised and 1.5 nM of CAP was placed

in solution with 0.2 mM cAMP to activate binding. As can be seen in Figure 3.4,

single CAP molecules were observed binding to the consensus binding sequence

dsDNA. HMM analysis was conducted on the fluorescence intensity vs. time traces

and a dwell-time histogram was created (number of binding events = 1239). The

histogram was fitted with a decaying biexponential fit to calculate the average

dwell times. As can be seen in Figure 3.4, a single decaying exponential fit is an
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Figure 3.3: Left: Surface immobilised Cy3B 49 nt dsDNA containing 22 base-
pair CAP consensus binding sequence excited at 532 nm and emission in the green
channel of the microscope. Right: Alexa647 labelled CAP binding to the surface
immobilised DNA excited at 640 nm and emission detected in the red emission
channel of the microscope. Both images taken in TIRF regime, 100 ms exposure.
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inaccurate fit of the data - consistent with the theory that this is not a simple

two-state process. From the biexponential fit, the average long dwell time was

observed as T2 = 8.45 ± 0.34 seconds (32%) and the average short dwell time as

T1 = 1.25 ± 0.09 seconds (68%). As with the labelled seals binding the gapped-

DNA in the previous chapter, the binding of the protein should not be thought

of as a simple two-state model of fully bound and fully unbound CAP. Here, the

long dwell time relates to fully binding to the consensus binding sequence with the

shorter dwell time due to partial binding followed by dissociation of the protein.

To assess the effect of changing one base in a sequence, a single base at position

5 in the CAP binding sequenced was flipped (C changed to G). The alteration was

made on both strands of the DNA creating a fully hybridised construct. Position

5 was chosen as it is a key contact for CAP when binding. This sequence was

labelled as ‘1 x mutant sequence’, given in Figure 3.5. Again, transient binding

events were observed when the CAP bound to the immobilised 1 x mutant sequence

and fluorescence intensity vs. time traces for three example molecules can be seen

in Figure 3.5. By plotting a dwell time histogram (n = 1031) average dwell times of

T1 = 1.46±0.09 seconds (78%) and T2 = 5.18±0.47 (22%) seconds were observed.

When comparing T2 values, a single base change reduces the bound time of the

CAP by ≈ 39% and shows clearly that even small changes to sequence can have

an effect on the phenotype of a protein.

The CAP binding sequence is symmetric, as CAP is a dimer of identical sub-

units, to observe the full effect of a single base change the change in sequence should

be symmetric. Therefore, a second construct was designed and named ‘2 x mutant

sequence’ where the bases at both position 5 and position 18 were flipped. Again,

full complementary base pairing was conserved for the construct. Single-molecule
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Figure 3.4: CAP binding to the consensus binding sequence. Top left: Consen-
sus binding sequence (single strand) highlighted in yellow. Top right: Alexa647
labelled CAP binding to dsDNA (consensus binding region in yellow). dsDNA is
labelled at position 13 with Cy3B used for localisation of the DNA. Bottom left:
Fluorescence intensity vs. time traces for three separate dsDNA localisations with
binding of CAP molecules characterised by large increases of fluorescence intensity
and large decreases with dissociation. 100 ms exposure time, 1.5 nM CAP. Bottom
right: Dwell time histogram of observed binding events (n = 1239) fitted with
a single decaying exponential fit (red dashed) giving a poor fit to the data and
a decaying biexponential fit (black) giving T1 = 1.25 ± 0.09 s (68%) and T2 =
8.45 ± 0.34 s (32%).
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Figure 3.5: CAP binding to the 1 x mutant binding sequence. Top left: 1 x
mutant binding sequence (single strand) highlighted in yellow. Top right: Alexa647
labelled CAP binding to dsDNA (binding region in yellow, mutation in red ellipse).
dsDNA is labelled at position 13 with Cy3B used for localisation of the DNA.
Bottom left: Fluorescence intensity vs. time traces for three separate dsDNA
localisations with binding of CAP molecules characterised by large increases of
fluorescence intensity and large decreases with dissociation. 100 ms exposure time,
1.5 nM CAP. Bottom right: Dwell time histogram of observed binding events (n
= 1031) fitted with a decaying exponential fit giving T1 = 1.46± 0.09 s (78%) and
T2 = 5.18 ± 0.47 s (22%).
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binding events were observed for the 2 x mutant binding sequence, see Figure 3.6

for example fluorescence intensity vs. time traces. A dwell time histogram was

created from 2177 events and average dwell times of T1 = 0.94 ± 0.08 seconds

(60%) and T2 = 3.31 ± 0.14 seconds (40%) were observed. Here, T1 was reduced

compared to the consensus and 1 x mutant binding sequences which is to be ex-

pected due to a likely increase in abortive binding events. When comparing T2

values for all three constructs there is a clear drop in the stability of binding with

only slight mutations to sequence, with ≈ 39% decrease in average bound time

from the consensus sequence to the 1x mutant sequence and ≈ 60% decrease in

the average bound time for CAP between the consensus sequence and the 2 x

mutant sequence. Also, it was observed that there was a slight increase in the

time for association of CAP with the addition of a single mutation in the binding

sequence, however, a slight decrease in the time for association for the doubly mu-

tated sequence. The changes in the time for association of CAP were not large and

due to the association time having a CAP concentration dependence, the time for

association was not used as a measure for direct comparison between the different

binding sequences. As shown here, single base changes can have drastic effects on

the observed behaviour of DNA binding proteins and is the motivation to be able

to link phenotype to sequence at the single-molecule level.

3.2.2 Forming a Gapped-DNA In Situ From dsDNA

In order for Gap-Seq to be performed after a protein-DNA assay the surface-

immobilised DNA must change from dsDNA to gapped-DNA. As the desired out-

come is to probe directly the sequence in the gap a method needed to be developed
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Figure 3.6: CAP binding to the 2 x mutant binding sequence. Top left: 2 x mu-
tant binding sequence (single strand) highlighted in yellow. Top right: Alexa647
labelled CAP binding to dsDNA (binding region in yellow, mutations in red el-
lipses). dsDNA is labelled at position 13 with Cy3B used for localisation of the
DNA. Bottom left: Fluorescence intensity-time traces for three separate dsDNA
localisations with binding of CAP molecules characterised by large increases of
fluorescence intensity and large decreases with dissociation. 100 ms exposure time,
1.5 nM CAP. Bottom right: Dwell time histogram of observed binding events (n
= 2177) fitted with a decaying exponential fit giving T1 = 0.94± 0.08 s (60%) and
T2 = 3.31 ± 0.14 s (40%).
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to keep the biotinylated bottom strand of the DNA and replace the top strand with

two separate strands: the right flanking strand and the left flanking strand. This

gap formation needs to be performed in situ leading to two steps: a way to de-

nature the dsDNA and a way to then anneal oligos to create a gap in situ to the

immobilised bottom strand.

Denaturing and Reannealing dsDNA FRET Standards In Situ

The first DNA construct used to investigate denaturing and re-annealing of surface

immobilised DNA was a 45 nt dsDNA FRET standard, see Figure 3.7. The FRET

standard was biotinylated on the bottom strand at the 3’ end and labelled with

Cy3B at the 5’ end. The top strand was labelled with ATTO647N at position 28,

relative to the biotin, creating a 17 base-pair gap between the two dyes - apparent

FRET efficiency of E≈ 0.4-0.5.

An experiment was conducted to denature and re-anneal dsDNA in situ by ob-

serving FRET efficiency changes under 532 nm illumination. First, the DNA FRET

standards were imaged allowing doubly labelled DNA to be identified (n = 370)

and a majority E = 0.45 recorded (Figure 3.7a). After a 1 minute incubation with

10 mM sodium hydroxide (NaOH) the same field of view was imaged again, with

only 2 molecules of the doubly labelled DNA FRET standards remaining (Figure

3.7b). No distribution of E at 0.45 was recorded proving the success in denaturing

the DNA FRET standard. The sample was then incubated with 50 nM of the top

strand, STD45-TAT647N,P28, in the presence of 0.5 M NaCl for 1 minute, washed

and imaged. Under illumination at 532 nm, 136 annealed DNA FRET standards

were observed (Figure 3.7c) along with a distribution of E at 0.45. The reap-

pearance of FRET at E = 0.45 shows the success of re-annealing the DNA FRET

81



Figure 3.7: FRET standard construct created from STD45-BBio,P1,Cy3B,P45 and
STD45-TAT647N,P28 with a 17 bp separation between Cy3B and ATTO647N. a)
Surface immobilised DNA FRET standards before NaOH wash. Cropped raw
image of green (left) and red (right) emission channels of the fluorescence of doubly
labelled DNA FRET standards (n = 370). FRET distribution showed a majority
distribution at E = 0.45. b) After 1 minute 10 mM NaOH only 2 DNA FRET
standards remained. FRET distribution showed a single peak at 0.15 due to noise.
c) After re-annealing with 50 nM STD45-TAT647N,P28 in 0.5 M NaCl doubly labelled
FRET standards were observed (n = 136) and a FRET efficiency distribution at
0.45 was recorded. All samples illuminated at 532 nm.
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standard. E distributions at 0.15 reflect the donor-only peak, and indicate the

fraction of incomplete hybridisation. Not all DNA FRET standards re-annealed,

with a re-annealing efficiency of ≈ 35% observed. Quantification is hindered by

the photobleaching of the donor fluorophore attached to the immobilised bottom

strand as photobleaching prevents detection of re-annealed dsDNA.

Denaturing CAP dsDNA and Gap Hybridisation In Situ

After establishing a basic proof-of-principle assay for the denaturing and reanneal-

ing of the dsDNA FRET standard, an assay was developed to denature surface

immobilised dsDNA used for CAP binding and anneal flanking strands to the

remaining immobilised bottom ssDNA to create gapped-DNA.

The same dsDNA CAP binding construct was used as described in the previous

section: 49 nt dsDNA, including the consensus CAP binding sequence, biotinylated

at the 5’ end and labelled with Cy3B on the top strand. Here, immobilised dsDNAs

were recorded in the green emission channel and the absence of the signal after

the denaturing step indicated successful denaturing of the dsDNA. After denatur-

ing the DNA, a gapped-DNA construct was created by incubating the remaining

surface-immobilised ssDNA with complementary right and left flanking strands

in annealing buffer (0.5 M NaCl). Optimisation of the denaturing protocol was

carried out including varying the concentration of NaOH used (1 mM to 25 mM)

and the length of time it was present in the sample for (2 seconds to 2 minutes).

Similarly, the protocol for hybridised a gap in situ was optimised through varying

the concentration of the flanking strands (1 nM to 10 nM) and the incubation time

(2 minutes to 5 minutes).

As can be seen in Figure 3.8, a single field of view originally containing ds-
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DNA containing the consensus CAP binding sequence (n = 1296) was treated

with 25 mM NaOH (2 minute incubation) leaving only 3% (n= 40) of the single-

molecules on the surface. Following the denaturing of the DNA, a hybridisation

mix was introduced for 5 minutes which contained 10 nM of each of the top flank-

ing strand necessary to form a gapped-DNA. The left-hand flanking strand was

labelled with Cy3B and under 532 nm excitation 860 single-molecules were ob-

served on the surface. It was not possible to quantify from this observation alone

that all 860 molecules represent complete gapped-DNA as there may have been

some partial gapped-DNA that were missing the right-hand flanking strand and

also some fluorescent molecules could have been due to non specific interactions

with the surface. This experiment was analysed further in the next section where

transient binding was observed in the newly formed gapped-DNAs and 450 fluo-

rescence intensity vs. time traces were picked for analysis, therefore, 35% of the

localisations of dsDNA showed transient DNA hybridisation. This is, however, not

the maximum number of gapped-DNAs that are formed, only those that produce

fluorescence intensity vs. time traces where there was measurable transient DNA

hybridisation were selected for analysis. As experiments were conducted some

further optimisation of the protocol was made. The final protocol found here to

be the most effective was: 25 mM NaOH - 2 seconds, hybridisation mix 10 nM -

5 minutes. A description of the full assay can be found in Materials and Methods.

3.2.3 CAP Binding Followed by Gap-Seq

The motivation for the development of Gap-Seq was to observe sequence dependent

protein-DNA interactions and then sequence the DNA in the same experiment,
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Figure 3.8: Denaturing dsDNA DNA and forming gapped-DNA in situ for the same
field of view. Left panel: Green emission channel with 1296 dsDNA labelled with
Cy3B immobilised on the surface. Middle panel: After 25 mM NaOH incubation
for 2 minutes, there are only 40 single-molecules visible in the green emission
channel. Right panel: After incubation with hybridising mix of 10 nM of right
hand flanking strand and 10 nM of left hand flanking stranded (labelled with Cy3b)
for 5 minutes to form gapped-DNA, 860 single-molecules can be observed on the
surface. All illumination at 532 nm, 100 ms exposure.
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with high throughput allowing many different sequences to be analysed in parallel.

Here, as proof-of-principle that an assay can be conducted to observe protein-

DNA interactions followed by probing the sequence with Gap-Seq, the following

experiments were conducted, see Figure 3.9.

• Step 1: CAP binding assay (consensus sequence) with 1.5 nM CAP was

performed and localisations of dsDNA identified.

• Step 2: Two minute denaturing of dsDNA with 25 mM NaOH, hybridisation

of the 9 nt gap in situ with the gap hybridisation mix of the top flanking

strands at 10 nM for five minutes.

• Step 3: Transient binding, at the localisations identified in Step 1, of either

the complementary 9 nt probe GS9-CAP-TAT647N,P21,P29 or the single base

mismatch probe GS9-CAP-mis5C-TAT647N,P21,P29 at 100 nM.

Step 1 allowed the behaviour of CAP binding to the consensus binding se-

quence to be characterised and average bound times of T1 = 1.04 ± 0.07 (79%)

seconds and T2 = 9.86 ± 0.49 (21%) seconds were recorded. Step 2 denatured

the dsDNA and hybridised gapped-DNA in situ (example of this stage is shown

in Figure 3.8). Step 3 was conducted with one seal, either complementary 9 nt

seal GS9-CAP-TAT647N,P21,P29 or the single base mismatch seal GS9-CAP-mis5C-

TAT647N,P21,P29. When using the complementary seal average bound times of T1 =

0.63 ± 0.01 seconds (93%) and T2 = 3.29 ± 0.32 seconds (7%) were observed. The

single base mismatch probe gave average bound times of T1 = 0.41± 0.01 seconds

(88%) and T2 = 1.70±0.06 seconds (12%). Comparing T2 times (full hybridisation)

for both the complementary and the single mismatch seal there is clear difference
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Figure 3.9: Full proof-of-principle assay, with experimental data, to link phenotype
to sequence consisting of three steps. Step 1: 1.5 nM CAP doubly labelled with
Alexa647 binding to CAP consensus sequence dsDNA construct. The average dwell
times observed as T1 = 1.04 ± 0.07 s (79%) and T2 = 9.86 ± 0.49 s (21%). Step 2:
DNA is denatured using 25 mM NaOH (2 mins). 9 nt gapped-DNA formed in situ
with 10 nM of left and right flanking strands in annealing buffer (gap hybridisation
mix). Step 3: In two separate experiments 100 nM GS9-CAP-TAT647N,P21,P29 (left)
and 100 nM GS9-CAP-mis5C-TAT647N,P21,P29 (right) seals were observed binding to
a 9 nt gapped-DNA and dwell time histograms plotted. The average dwell times
were T1 = 0.63± 0.01 s (93%) and T2 = 3.29± 0.32 s (7%) for the complementary
probe and T1 = 0.41 ± 0.01 s (88%) and T2 = 1.70 ± 0.06 s (12%) for the single
base mismatch probe.
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Figure 3.10: Top: Two example localisations of consensus CAP binding sequence
dsDNA immobilised on the field of view for an experiment excited at 532 nm,
100 ms exposure. Bottom: Fluorescence intensity vs. time traces for CAP binding
(grey) to the localisations and GS9-CAP-TAT647N,P21,P29 binding (red) to gapped-
DNA formed at the localisations. All traces under 640 nm excitation, 100 ms ex-
posure.
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with a reduction of ≈ 48% in the dwell time for the single base mismatch. Figure

3.10 shows how for single dsDNA localisations the fluorescence intensity vs. time

traces for both CAP binding in Step 1 to the same localisation (grey traces) and

seal binding in Step 3 in the gapped-DNA formed at the localisation (red traces)

can be observed allowing phenotype to be linked to sequence for single molecules.

Negative drops from the baseline fluorescence in the fluorescence intensity vs. time

traces were due to the background fluorescence correction and were ignored by the

HMM analysis. These experiments show that it is feasible to conduct a single-

molecule fluorescence protein-DNA sequence dependent interaction followed by

the Gap-Seq assay.

3.2.4 Mixed dsDNA on the Surface Followed by Gap-Seq

Gap-Seq is being developed to be a high throughput method to be used with

different DNA sequences randomly distributed on the surface. All previous ex-

periments were conducted with only a single DNA sequence immobilised on the

surface. Here, two DNA sequences were mixed on the surface, the consensus CAP

binding dsDNA labelled with Cy3B (green fluorophore) and the 1 x mutant CAP

binding DNA labelled with Cy5 (red fluorophore). The consensus dsDNAs were

localised in the green emission channel and the 1 x mutant dsDNAs in the red

emission channel. Also present on the surface were gold nanoparticles labelled

with green and red fluorophores to act as fiducial markers used in data analysis

to correct for lateral drift of the field of view [126], see Materials and Methods

Chapter. An example of the field of view of such a sample when excited at 532 nm

and 640 nm can be seen in Figure 3.11.
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Figure 3.11: Two different DNA sequences immobilised on the same surface (Step
1). Left: The consensus CAP binding dsDNA, labelled with Cy3B, imaged in
the green emission change when excited at 532 nm. Middle: The 1 x mutant
CAP binding dsDNA, labelled with Cy5, imaged in the red emission channel when
excited at 640 nm. Right: Coloured overlay of the two emission channels to show
the true field of view.
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Experiments were conducted following the same assay as shown in Figure 3.9

with some slight adjustments. Step 1 localised the dsDNAs on the surface, how-

ever, CAP was not introduced for assessment of its binding kinetics. CAP binding

to the same dsDNA sequences is documented earlier in the chapter in Figures

3.4 & 3.5. In Step 2, the NaOH wash was performed for 2 seconds instead of

2 minutes and the gap hybridisation mix contained 100 nM of the top flanking

stands. Gapped-DNAs with 9 nt gaps were formed and a seal was introduced in

Step 3. Hybridisation kinetics of the seal to the two different sequences was anal-

ysed to assess if a difference in the dwell time of the seal to the two gap sequences

could be observed. With two DNA sequences differing by one base on the surface,

the introduction of one seal sequence produces both binding to a complementary

sequence and binding to a single base mismatch sequence.

GS9-CAP-TAT647N,P21,P29 is fully complementary to a gapped-DNA formed

from the consensus CAP binding DNA and is a single mismatch to the gapped-

DNA formed from the 1 x mutant CAP binding DNA. By using such an experimen-

tal design, both complementary and mismatching can be assessed in the same field

of view under the same experimental conditions, allowing any changes in kinetics

to be directly linked to the sequence without any interfering external factors.

The first experiments used the seal GS9-CAP-TAT647N,P21,P29, labelled as seal

1 in Figure 3.12. When binding with full complementarity to the consensus CAP

sequence an average fully hybridised dwell time of T2 = 6.58 ± 0.25 seconds (5%)

was observed. In comparison, when seal 1 bound to the 1 x mutant CAP sequence

gapped-DNA forming a single base mismatch the average fully hybridised dwell

time was T2 = 1.45 ± 0.05 seconds (10%). There was a clear ≈ 78% reduction in

the average fully hybridised time for the single base mismatch hybrid compared to
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Figure 3.12: Dwell time histograms of the Gap-Seq (Step 3) part of the assay
with mixed DNA on the surface. For the complementary binding of seal one T1

= 0.53 ± 0.01 s (95%) and T2 = 6.58 ± 0.25 s (5%). For the mismatch binding of
seal 1: T1 = 0.38 ± 0.01 s (90%) and T2 = 1.45 ± 0.05 s (10%). Likewise, for the
complementary binding of seal two T1 = 0.47±0.01 s (93%) and T2 = 5.65±0.19 s
(7%). For the mismatch binding of seal 1: T1 = 0.43 ± 0.01 s (89%) and T2 =
2.10 ± 0.06 s (11%). n is number of binding events.

a fully complementary bound seal showing that Gap-Seq can be used for multiple

DNA sequences on a surface.

Also, experiments were conducted with a second seal GS9-CAP-mis5C-TAT647N,P21,P29

that is fully complementary to the gapped-DNA formed from the 1 x mutant CAP
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binding dsDNA and, hence, has a single base mismatch to the gapped-DNA formed

from the consensus CAP binding DNA. Once again, there was clear discrimination

between the two sequences. The complementary hybrid formed between seal 2 and

the 1 x mutant sequence gapped-DNA had an average fully hybridised dwell time

of T2 = 5.65 ± 0.19 s (7%). When compared to the mismatch hybrid formed be-

tween seal 2 and the consensus CAP sequence gapped DNA, which had an average

dwell time of T2 = 2.10 ± 0.06 s (11%), there is once again a clear difference ≈

63% reduction in the average dwell time.

Both experiments conducted with mixed DNA sequences have shown that Gap-

Seq is capable of detecting single base changes in the sequence of surface immo-

bilised DNA, shown in earlier experiments to affect CAP behaviour. In the future,

the whole assay could be developed to screen large varieties of DNA sequences on a

surface and observe the changes in phenotype of DNA binding proteins, providing

key insights into sequence specific protein-DNA interactions.

3.3 Discussion

This chapter has shown how even a single base change can alter the phenotype of

catabolite activator protein (CAP) and how Gap-Seq can be applied to study such

changes in behaviour. The first experiments in this chapter showed that changing

the base at position 5 in the CAP consensus binding sequence reduced the average

bound time of CAP molecules by ≈ 39%. As CAP is a dimer of identical subunits,

consequently, altering position 18 in the symmetric binding sequence shows the

true extent of single base changes by reducing the average bound time by ≈ 60%

compared to the consensus binding sequence. The next experiments investigated
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denaturing surface-immobilised dsDNA whilst retaining the bottom strand of the

DNA attached to the surface. Upon this single strand DNA hybridisation was per-

formed in situ allowing gapped-DNA constructs to be formed. Once gapped-DNA

formation from dsDNA was successful Gap-Seq could be implemented creating a

three-step assay to link protein-DNA interactions to sequence. Experiments were

performed to show how CAP binding to consensus binding sequence dsDNA could

be observed at the single-molecule level followed by Gap-Seq. The difference in

binding kinetics for complementary seals and those with a single base mismatch

was observed for the gapped-DNA formed in situ showing how Gap-Seq can be

applied in the future. Finally, ideally Gap-Seq will be applied to screen multiple

DNA sequences on the surface, therefore, experiments were conducted with two

dsDNA sequences randomly immobilised on the same surface. After the formation

of gapped-DNA in situ, analysis showed that sequences differing by a single base

caused a different average dwell time for the same seal, proving that the differ-

ences in average dwell time are truly due to sequence. In the future this assay

can be developed further, to allow many DNA sequences to be investigated in

parallel, as well as their corresponding effect on sequence dependent protein-DNA

interactions.
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Chapter 4

In Vivo Single-Molecule FISH

4.1 Introduction

Fluorescence in situ hybridisation (FISH) is a method by which nucleic acids inside

fixed cells can be located by the hybridisation of complementary fluorescently

labelled oligonucleotides (probes). Since the first example of FISH in 1977 [127],

it has been used for many applications from fundamental biology to medicine and

can be used to localise genes within the cells, especially in the case of eukaryotic

cells and can be used to detect and quantify differential gene expression amongst

cells in the same tissues.

In bacteria, FISH has been widely used for bacterial identification by using

DNA probes that are unique to certain bacterial subtypes. FISH is also used to

detect actively transcribing genes at the both ensemble and at the single-molecule

level [128], [129]. FISH is applied to fixed cells to avoid cell degradation and

to maintain the integrity of FISH targets, which are susceptible to degradation

by deoxyribonucleases (DNases) and ribonucleases (RNases), which are present in
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cells to degrade unwanted RNA. The cells are chemically treated to permeabilise

the cell walls allowing fluorescently-labelled probes (<30 nucleotides) to enter the

cells and specifically bind to RNA/DNA targets inside the cells. Excess unbound

probes are then removed leaving only those attached to the target RNA/DNA

allowing for localisation via fluorescence microscopy, see Figure 4.1. FISH images

can be created from multiple different fluorophores allowing the identification of

numerous targets [130]. A major disadvantage of using FISH to image cells is that

fixed cells are no longer alive, therefore, FISH is used as a passive way to localise

and/or study gene expression of the cell at the time of fixing and real time cell

processes can not be observed.

An example target for RNA FISH in bacteria is the 16S ribosomal RNA

(rRNA). 16S rRNA is expressed to form the 30S small subunit of ribosomes and is

responsible for messenger RNA (mRNA) binding during translation. The EUB338

FISH probe is used to identify 16S rRNA by complementary binding to the 338-

355 region of the rRNA [131]. EUB338 is often used as a bacterial marker as the

16S rRNA is present in the majority of bacteria.

There have been some attempts to perform a RNA detection technique similar

to FISH but on live eukaryotic cells in order to observe internal processes. Vargas

et al. [133] in 2005 injected 50 nucleotide FISH probes that bound to a messenger

RNA (mRNA) to investigate transport in the nucleus of eukaryotic cells. It was

not possible to wash out unbound probes as with FISH, therefore, to reduce the

background fluorescence in the cell molecular beacons were implemented. In the

molecular beacon, the secondary structure of the DNA allows a quencher to be

in close proximity to the fluorophore to suppress fluorescence when the probe was

unbound. Another technique used to increase the target fluorescent signal was
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Figure 4.1: RNA FISH protocol. Cells are fixed and permeablised before
fluorescently-labelled oligonucleotides (probes) are introduced that specifically
bind to target RNA which can be imaged using fluorescence microscopy. Adapted
from [132].

repeated binding sites on the target mRNA with a maximum of 96 probes able to

bind to the mRNA.

Zhang et al. [134] also used 96 repeats of binding sites in order to create a

bright localisation of the target RNA in live eukaryotic cells. Here, the experiment

consisted of electroporating the cells in a buffer containing ratiometric bimolecular

beacons instead of injection in the case of Vargas et al. [133]. Compared to

standard molecular beacons, ratiometric bimolecular beacons are designed to allow

nuclear export reducing the number of false signals observed and feature a reference
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dye to allow tracking of delivery into cells.

Although there have been many experiments where FISH has been shown in live

eukaryotic cells, there are very few examples of live cell FISH in prokaryotes. The

first attempt at FISH in non-fixed bacteria was in 2005 [135]. The method used

quenched probes which, when bound to the target RNA, became fluorescent due

to ligation at the site of binding. The oligonucleotide probes were able to enter the

cells through semi-permeable cell walls that had been treated chemically. However,

the semi-permeablising treatment lead to an almost non-existent yield of live cells

for microscopy drawing criticism of the assay [132].

In 2019, it was reported by Batani et al. [136] that FISH had been performed

on live bacteria cells, with an application to sort cell types, with the FISH probe

delivered through heat shock of the cells. Heat shock involves exposing cells to

sudden high temperatures, creating a temporary porous plasma membrane allow-

ing nucleic acids to enter the cell and crucially, post-treatment, the live cells can

recover. Batani et al. used traditional unquenched FISH probes (singly labelled

oligonucleotides) for target binding inside the cell leading to diffuse fluorescence

within cells. Therefore, the probes used were sufficient to detect different strains

of bacteria, however, the assay does not give any spatial information as to the

location of the binding of the probes within the cells. Live FISH in bacteria for

localisation and observation of live processes such as transcription and internal

movement of mRNA is clearly desirable, however, there have been very few ad-

vancements making the technique viable.

The results presented in this chapter are based around developing a novel

assay to conduct single-molecule FISH (smFISH) in vivo (E. coli) through the

transient binding of labelled oligonucleotides. Taking inspiration from Gap-Seq,
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doubly labelled oligos (probes) which transiently bind are introduced into cells.

The transient nature of binding allows for continuous probing of target RNA,

avoiding photobleaching and also preventing blocking of processes occurring on the

RNA. As with Gap-Seq, the probes are able to self-quench when unbound, reducing

background fluorescence and allowing single binding events to be detected. The

proof-of-principle technique was developed with an aim to observe the location of

transcription for single genes, track the mobility of nascent RNA and as a method

to link transcription to downstream processes such as RNA degradation inside live

bacteria.

4.2 Results

4.2.1 Electroporation of DNAs

To conduct experiments involving fluorescently-labelled DNA in vivo, a feasible

delivery method to introduce the DNA inside the cells needed to be chosen. It has

been previously shown that electroporation can be used to introduce fluorescently

labelled probes into live cells [137]. The first experiment was conducted to check

the viability of electroporating 8 nt probes that were either singly or doubly labelled

with ATTO647N into MG1655WT E. coli cells. As a negative control, cells were

also electroporated in the absence of probes to establish the level of background

fluorescence that may arise from auto-florescent components that are present in

the recovery media post electroporation.

As can be seen in Figure 4.2a, in the absence of probes, there was no fluo-

rescence recorded in the electroporated cells when excited at 640 nm and a small
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Figure 4.2: Overlaid bright field and maximum intensity fluorescence images for the
electroporation of MG1655WT cells excited at 640 nm, exposure time 50 ms. a) No
DNA present during electroporation. b) Sample electroporated with 8 mer, singly
labelled with ATTO647N, GS8-compl- TATTO647N,P28 20 nM. c) Sample electropo-
rated with 8 mer, doubly labelled with ATTO647N, GS8-compl- TAT647N,P28,P35

20 nM.
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amount of fluorescence due to contaminants outside of the cells. For cells electro-

porated in the presence of GS8-compl-TATTO647N,P28, a singly labelled 8 nt probe,

fluorescence could be clearly observed inside approximate 15% of the cells, see

Figure 4.2b. When the doubly labelled probe GS8-compl-TAT647N,P28,P35 was in-

troduced, some fluorescence could be observed inside cells more than the negative

control but less than the GS8-compl-TATTO647N,P28 sample. The doubly labelled

probe used here is known to undergo static quenching when in solution, see Chap-

ter 2. Therefore, the presence of fluorescence in the two samples containing the

probes suggests that the probes entered the cells with quenching seen for the dou-

bly labelled probe. These initial experiments showed that it is possible to introduce

short fluorescently labelled DNA into live E. coli and the diffusing fluorescence due

to free unbound DNA could be observed.

Characterisation of Probe Degradation In Vivo Using FRET Labelled

Probes

Enzymes, such as nucleases, are able to degrade linear DNA, therefore, the next

step was to check for degradation of the labelled probes that are introduced by

electroporation. A doubly labelled probe carrying a FRET donor on one end and a

FRET acceptor on the other end, Cy3B and ATTO647N respectively, named GS7-

mis4T-TCy3B,P28,AT647N,P34 was chosen. The two fluorophores are a known FRET

pair as their emission and excitation spectra overlap allowing them to undergo

FRET if in close proximity.

Figure 4.3a shows the MG1655WT E. coli cells after electroporation in the

presence of 20 nM of GS7-mis4T-TCy3B,P28,AT647N,P34. When the cells were illumi-

nated at 532 nm (Figure 4.3b) some autofluorescence can be seen inside the cells
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Figure 4.3: MG1655WT E. coli cells electroporated with GS7-mis4T-
TCy3B,P28,AT647N,P34 20 nM. a) Bright field image of cells. b) Summation of maxi-
mum fluorescence intensity of both the red (left) and green (right) emission chan-
nels under 532 nm excitation. c) Summation of maximum fluorescence intensity of
both the red (left) and green (right) emission channels under 640 nm excitation.
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in the green emission channel. However, there is very little fluorescence from the

Cy3B fluorophores and no obvious FRET is seen in the red emission channel. The

absence of green fluorescence indicates that the Cy3B fluorophores were quenched

by the other fluorophore on the DNA, suggesting that there was no degradation of

the probes. When excited at 640 nm there is red fluorescence detected in some of

the cells. The presence of fluorescence suggests that the ATTO647N fluorophores

are not being well quenched by the Cy3B fluorophores. The fluorescence does show

that the labelled probes entered the cells and the ATTO647N is stable and able

to absorb radiation and fluoresce.

For a single cell from the field of view, shown in Figure 4.4a, the average fluo-

rescence intensity in the green and red emission channels can be plotted over time

under green and red excitation respectively (Figure 4.4b). The measurements were

recorded using alternating laser excitation (ALEX) allowing for both 532 nm and

640 nm excitation. As can be seen in Figure 4.4b, the red fluorescence due to

640 nm excitation reduced over time due to photobleaching and the green emission

started at a low level and decayed very slightly at the beginning of the acquisition

due to the photobleaching of the autofluorescence of the cells. If the probes had

been degraded, there would have been an equal concentration of red and green flu-

orophores diffusing inside the cell; therefore one would expect the intensity levels

and the photobleaching pattern to be similar. The absence of this suggests that

the fluorophores were still in close enough proximity to static quench the Cy3B flu-

orophore, with the ATTO647N fluorophore not fully quenched. Also, as there was

not a rise in green fluorescence with the decay in red fluorescence, the quenching

can, therefore, be attributed to contact quenching rather than quenching of Cy3B

through FRET with ATTO647N. The lack of free fluorophores and corresponding
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Figure 4.4: Fluorescence intensity for a single cell. a) Summation of maximum
fluorescence intensity under 640 nm (red emission channel only) and 532 nm ex-
citation (green emission channel only). Boxes indicate cell corresponding to the
fluorescence intensity vs. time plot. b) Plot of average fluorescence intensity over
time the single cell. Green excitation (532 nm) and green emission in green line
(bottom) and red excitation (640 nm) and red emission in red line (top) recorded
using ALEX, 50 ms exposure time.

fluorescence intensity profiles is evidence that the probes are not degraded inside

the cell, possibly protected from degradation due to their short nature and the

terminal fluorophores protecting the ends of the probe from nucleases.

4.2.2 Site-Specific Binding With EUB338

After establishing successful delivery of the labelled probes and the preservation of

the probes in vivo, the next step was to observe specific binding of probes in vivo.

A 18 mer oligo singly labelled with Cy3 (EUB338) [131] was used as a probe as it is

known to bind to 16S ribosomal RNA (rRNA) and EUB338 probes are commonly

used for FISH in fixed cells. The 16S rRNA is a component of the 30S subunit

of the bacterial ribosome and fluorescence microscopy has localised ribosomes at

the cell poles, with detection of ribosomes in mid-cells regions for cells in the later
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stages of chromosome replication in live E. coli [138], [139], [140]. Electroporating

EUB338 into MG1655WT E. coli should allow for any binding to 16S rRNA to be

visualised in live cells.

EUB338 at 200 nM was electroporated into MG1655WT cells and imaged at

532 nm with 50 ms exposure time. Figure 4.5a shows the summation of intensity

over 200 frames for four fields of view of electroporated cells under 532 nm illumi-

nation. Cells outlined in red showed bright fluorescence at the cell poles. Most

other cells showed diffuse fluorescence with very little bright fluorescence in specific

locations, with only a handful of cells showing bright fluorescence in the centre of

the cell.

The bright fluorescence and, therefore, longer binding of EUB338 to 16S rRNA

at the poles can be seen in Figure 4.5b. Here, a single cell from the field of view

(yellow box) is shown over time via 5 second summations of the fluorescence inten-

sity. Over the time of the acquisition, bright fluorescent signals were recorded at

both poles that appeared and disappeared. As fluorescent signals appeared during

the acquisition time, see Figure 4.5c, sticking of non-electroporated probes outside

the cells at those locations can be ruled out. Fluorescence from probes stuck on

the outside of the cells would be expected to be observed from the beginning of the

acquisition and decay over time due to photobleaching. Here, the bright fluores-

cence signals at the cell poles are due to the binding of the fluorescently labelled

EUB338 to 16S rRNA, which is an integral part of the ribosome - shown to gather

at cell poles [138], [139]. It is, however, uncertain whether the probes are target-

ing 16S rRNA before or after the assembly into ribosomes. The electroporation of

EUB338 inside live cells has shown site-specific binding to 16S rRNA indicating

that in vivo FISH can be used for localisation of target RNA inside live cells.
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Figure 4.5: a) Four different fields of view of MG1655WT E. coli cells electropo-
rated with EUB338 200 nM (known to bind to 16S rRNA), 200 frames summations
of maximum fluorescence intensity (50 ms). Red outlines: cells bright fluorescence
at the poles. b) 100 frame summations (5 seconds) of fluorescence intensity for a
single cell over time (yellow box). Bright fluorescence at the cell poles indicating
binding to 16S rRNA. Scale bar 2 µm. c) Fluorescence intensity vs. time trace
over entire cell for 0-25 seconds.
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4.2.3 Plasmid Expression

After the success of site-specific binding using the EUB338 probe the next exper-

iments were conducted to test and characterise the ability to use probes in vivo

to any selected target RNA. In order to do this a custom-standard target needed

to be designed that could be added to any gene’s RNA sequence, making it a tar-

get for in vivo FISH. As a proof-of-principle, a mini-gene was designed to contain

six iterations of the binding site for the doubly ATTO647N labelled 8 nt probe

GS8-compl-TAT647N,P28,P35.

In order to express the mini-gene, the plasmid pBEC1 was generated by Gibson

assembly where the plasmid backbone was amplified by PCR from the plasmid

pACBSR [141] and the mini-gene insert was assembled by hybridising two long

PCR primers. The pBEC1 plasmid was engineered to express target RNA that

included six binding sites for the 8 nt seals with 6 nt spaces between each binding

site. The mini-gene insert was put under the control of an arabinose-inducible pro-

moter, that produces a high number of the probe targets upon arabinose addition

[142], and was followed by a terminator creating an RNA of ≈ 100-102 bases. The

full insert on the plasmid can be seen in Figure 4.6, the six binding sites for the

8 nt probes shown in orange and the 6 nt spacers shown in green. The expressed

RNA is short and hybridisation of the probes can only occur after the RNA exits

from the RNAP exit channel, therefore, detectable transcription of the mini-gene

is ≈ 2 seconds long if the speed of transcription elongation is assumed to be 42 nts-1

[143]. The expression of the RNA is controlled by a pBAD promoter, therefore, in

the presence of arabinose and the absence of glucose over expression of the RNA

is achieved, providing many target RNA with complementary binding sites for the
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Figure 4.6: Top: Diagram of the insert used to create plasmid pBEC1 from the
cropped and linearised pACBSR plasmid. The sequence includes six binding sites
for GS8-compl-TAT647N,P28,P35 (orange) with 6 nt spaces (green) expression under
the control of a pBAD promoter. Bottom: Schematic of GS8-compl-TAT647N,P28,P35

binding to target RNA containing the repeated binding site transcribed from the
insert.

probes.

The plasmid pBEC1 was transformed into MG1655WT cells and cultured. The

resulting cells made electro-competent by successive washes to remove salts and

ions that might interrupt the electric field during electroporation. The cells were

then electroporated in the presence of 20 nM GS8-compl-TAT647N,P28,P35. Figure

4.7 shows the composite images of bright field images of the electroporated cells

and fluorescence images from the red emission channel of the microscope for WT

cells and those containing pBEC1, expressing the target RNA. When compared

side-by-side very little fluorescence was observed inside the WT cells that did not

express the target RNA, whereas, the cells containing pBEC1, over expressing the

target RNA (grown in the presence of 0.1% arabinose), showed bright fluorescence

in the majority of the cells in the field of view. The double labelled probe is known

to mostly self-quench when unbound, therefore, fluorescence observed in the cells

indicated site-specific binding of the seals to the target RNA.
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Figure 4.7: Composite images under bright field illumination and fluorescence
emission for 640 nm excitation, 50 ms exposure time. a) MG1655WT cells,
that do not express the target RNA, electroporated with 20 nM of GS8-compl-
TAT647N,P28,P35 showed very little fluorescence inside cells. b) Cells containing the
plasmid pBEC1, over expressing the target RNA, electroporated with 20 nM of
GS8-compl-TAT647N,P28,P35 showed high levels of fluorescence inside most cells in-
dicating site-specific binding to target RNA.
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As can be seen from Figure 4.8, the location of fluorescence observed inside the

pBEC1 cells changed over time as bright spots (foci) were seen slowly diffusing

inside the cells. Slow photobleaching of the probes was seen over the acquisition

with some initial bleaching of the cell autofluorescence and fluorescent dyes ob-

served in the first 10 seconds. Figure 4.8 shows slowly diffusing bright foci of

fluorescence are observed that indicate binding of the fluorescently labelled probes

to the target RNA. The foci were present at the start of recording and appeared

and disappeared throughout the movie indicating ongoing transient hybridisation

of the probes to the target RNA.

Figure 4.9 shows the fluorescence intensity over time for individual cells. The

fluorescence intensity vs. time traces show a general trend of slow photobleaching

but there are step function-like increases and decreases in fluorescence. These

step-like fluctuations are similar to the fluorescence signature of the seals binding

to gapped-DNA as seen in earlier chapters. If examined closely, the fluorescence

intensity vs. time trace for the cell in the blue box shows sequential increasing

in the fluorescence intensity from approximately 55 seconds onwards, indicating

multiple probes binding to targets possibly due to a burst of transcription. Figure

4.9 clearly shows binding and dissociation of the probes over time to the expressed

RNA targets. The experiments here have shown that the 8 nt doubly labelled

probe, GS8-compl-TAT647N,P28,P35, can be used to indicate the presence of target

RNA, through site-specific binding, when target RNA is expressed from a plasmid.
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Figure 4.8: Red fluorescence images of MG1655 cells containing pBEC1 over ex-
pressing the target RNA, electroporated in the presence of 20 nM GS8-compl-
TAT647N,P28,P35. A series of summations of the maximum intensity of fluorescence
in intervals of ten seconds over a 60 second recording with 50 ms exposure. Flu-
orescence due to binding of probes was observed in most cells as bright foci that
slowly diffused.
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Figure 4.9: Fluorescence intensity vs. time traces for the area of three cells (insets
- summations of fluorescence over 60 seconds) selected from the field of view of
the previous figure. Scale bars 2 µm. Overall decrease in fluorescence intensity
due to photobleaching of probes, however, the step-like increases and decreases in
fluorescence showed binding of fluorescently labelled probes to target RNA.
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4.2.4 Chromosomal Expression

Having demonstrated site-specific binding to a RNA target expressed from the

pBEC1 plasmid, the next step was to insert the previously characterised probe

binding repeats (see Figure 4.6) upstream of a long transcript on the chromosome

and measure transcription events. Observing target RNA on the chromosome

potentially allows localisation of single genes compared to many genes that are

synthetically amplified by the presence of tens of plasmids copies per cells. The

expression site can be localised and measurement of the time taken to transcribe

the RNA arising from one gene.

To generate the target RNA carrying the repeated 8 nt probe binding site

array on the chromosome, first the array was inserted by Gibson assembly on a

plasmid pTARA [144] carrying a T7 RNA polymerase gene under the control of

the arabinose inducible promoter pBAD. The ribosome binding site was replaced

by the 8 nt probe array which, when transcribed, would produce a long RNA

transcript with the 8 nt probe array binding site at the start of the transcript.

Then the plasmid was used as a template to generate a lambda red substrate

that allowed the targeted genetic change of inserting the whole construct on the

chromosome between glnA and typA genes in MG1655 E.coli. Insertion of the

binding array on the chromosome was conducted by Dr. El Sayyed, Kapanidis

Group. The target RNA was ≈ 3 kilobase (kb) with the oligo binding sites at

the start of the transcript available for binding once exited from the RNAP exit

channel. For a transcript of 3 kb, a transcription duration of ≈ 71 seconds is

expected, if the speed of transcription elongation is assumed to be 42 nts-1 [143].

A longer RNA target was used as it was hoped that transcription could be observed
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Figure 4.10: a) and b) Composite image of bright field and fluorescence emis-
sion under 640 nm excitation E. coli cells electroporated in the presence of 20 nM
GS8-compl-TAT647N,P28,P35. a) MG1655WT cells with little internal fluorescence
indicating a lacking of site-specific binding of the probes. b) Cells modified to
express 3 kb target RNA, with 6 binding sites for the probes, on the chromosome.
Bright fluorescence inside cells indicates binding of probes to target RNA. c) Cells
with target RNA chromosomal expression electroporated in the presence of 20 nM
GS8-compl-TAT647N,P28,P35 showing bright fluorescent foci due to specific binding
of the probes to target RNAs. Each image is a single frame, 50 ms exposure time.
Scale bars 2 µm.
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at a static localisation before the nascent RNA was released. For probes of 8 nt,

the duration of transient hybridisation (dwell time) would be expected to be in

the range of milliseconds to seconds, based on in vitro data previous recorded

for the probes. As seen in Chapter 2, the 8 nt seals bound to gapped-DNA, in

the presence of 0.5 M NaCl, for an average long dwell time of ≈11 seconds. In

vivo there is no coaxial stacking, which is known to stabilise binding of the seals,

as well, physiological salt concentrations are lower than those used in vitro for

the gapped-DNA experiments. Both the lack of coaxial stacking and low salt

concentrations suggests that the 8 nt probes should bind in vivo for a shorter time

than observed in the gapped-DNA experiments, even if in vivo macromolecular

crowding is considered.

Figure 4.10 shows MG1655WT cells and cells that express the chromosomal tar-

get RNA both electroporated in the presence of 20 nM GS8-compl-TAT647N,P28,P35

imaged in bright field and 640 nm illumination. As can be seen in Figure 4.10a,

there is very little fluorescence seen inside the wild type cells, where the target RNA

is not expressed, indicating no specific binding of the probes. In contrast, when

the target RNA is expressed on the chromosome there is fluorescence observed

in approximately 10% of the cells due to the site-specific binding of the probes.

The RNA expressed in these experiments can be described as leaky expression

of the promoter as the experiments were conducted the absence of arabinose and

the target RNA is regulated by a pBAD promoter which restricts expression in

the absence of arabinose. The leaky expression regime used here provides a lower

number of target RNAs in the cell making it easier to see binding to individual

RNAs. Figure 4.10c shows a selection of cells expressing the target RNA that have

been electroporated in the presence of 20 nM GS8-compl-TAT647N,P28,P35. There are
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clear fluorescent foci within the cells, approximately 2 or 3 on average per cell. The

cells seen in Figure 4.10c are represented by single frames as the foci can be either

stationary or mobile, therefore, the foci are easily blared with frame summations.

In Figure 4.11 an example cell is selected that initially had three fluorescence

foci. By frame 54 (2.7 seconds later) there were four foci. The focus at the top of

the cell remained stationary during this period with the other two foci diffusing

inside the cell. During the rest of the acquisition, the number of foci fluctuated

between two and zero. If the foci corresponded to only unbound fluorophores being

photobleached over time one would expect the number of foci to decrease. An

increase in the number of foci suggests that there were oilgos transiently binding.

During the first 50 frames of the acquisition (2.5 seconds), when one would

expect the overall fluorescence to decrease due to photobleaching, the fluorescence

intensity in fact increased, see Figure 4.11, indicating binding of probes. Also,

between 100 to 350 frames there were repeated step-like increases and decreases in

fluorescence which is signature of transient binding of fluorescently labelled probes.

The fluorescence intensity vs. time trace in Figure 4.11 shows similar changes in

fluorescence intensity when compared to the fluorescence intensity vs. time traces

for plasmid expression of the target RNA in Figure 4.9.

Also, the foci for the cell shown in Figure 4.11 show two different types of

behaviour, static foci and slowly diffusing foci, with foci able to move between the

two classifications. The bright focus at the top of the cell in Figure 4.11 remained

static for the first 54 frames, whereas, the other foci slowly diffused inside the cell.

The bottom focus (seen in frame 68 through to frame 157) can also be classed as

a static focus. The binding sites for the probes are first transcribed followed by

the rest of the T7 RNA polymerase sequence as the probe binding sequence lies

116



Figure 4.11: A single cell expressing target RNA on the chromosome electroporated
in the presence of 20 nM GS8-compl-TAT647N,P28,P35. Single fames (50 ms) show the
evolution of fluorescent foci over time with foci appearing and disappearing. Scale
bars 2 µm. The fluorescence intensity of the cell shows increases in the fluorescence
intensity during acquisition indicative of site-specific binding of the fluorescently
labelled probes.

at the start of the transcript, creating tethered binding sites before the transcript

is released after ≈ 71 seconds. It can be hypothesised that the stationary foci

are where transcription of the gene is happening with the slowly diffusing foci

produced by probes bound to released RNA.

To understand the static foci, one can look more closely at the top focus in

the cell shown in Figure 4.11. Figure 4.12 looks at the fluorescence intensity of

the single focus over the first 65 frames (3.25 seconds). From frame 0 to frame 57

(2.9 seconds) the focus remained static and from the fluorescence intensity vs. time

trace during this time there were intriguing changes in the fluorescence intensity.
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Between frame 40 and frame 54 (0.7 seconds) there was an increase in fluorescence

intensity at the single focus. The target RNA is known to have multiple binding

sites for probes, therefore, it is possible that the increase was due to a second

bound oligo. Examining the fluorescence intensity vs. time trace in Figure 4.12

there are jumps in fluorescence intensity in the trace of similar sizes. From Figure

4.12 the increase in fluorescence intensity between frames 40 and 54 was due to a

doubling of fluorescence at the focus. A doubling of fluorescence at a focus can

easily be interpreted as a second probe binding to the target RNA and as the

target RNA has multiple probe binding sites this is to be expected. Also, if the

time for binding of the probes is examined this is roughly in the range predicted

from in vitro studies of milliseconds to seconds. An alternative argument is that

the first level of fluorescence is from only one fluorophore of a bound probe and

the increase in fluorescence is due to the secondary fluorophore fluorescing after

being dark. To investigate this further other static foci can be examined.

Figure 4.13 shows that for the first 30 frames of another acquisition of a single

cell a static focus was observed with a steady fluorescence intensity. At frame 35

the focus diffused away from the original position and the fluorescence intensity

recorded at the localisation was now the background fluorescence detected in the

cell. In the frame before, frame 34, a second dimmer focus appeared in close

proximity to the original focus with the first focus dimmed and slightly shifted in

location. Degradation of the doubly labelled probes in vivo was not observed with

the FRET probes, therefore, the secondary focus can be attributed to a bound

oligo. One can speculate that due to the proximity of the foci and the reduced

fluorescence of the original foci that two probes were originally bound at the static

focus possibly to two RNAs transcripts being transcribed in short succession. This
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Figure 4.12: Fluorescence intensity of a single static focus (red circle) over the
first 65 frames of acquisition. Top: individual frames of the cell, 50 ms exposure
time. Scale bars 2 µm. Bottom: Fluorescence intensity vs. time trace for the
focus over 65 frames with fluorescence intensity levels corresponding to multiple
probes bound to the target RNA at the localisation.

is another example of a cell observed to show two probes bound at static focus

suggesting these static foci with multiple levels of fluorescence intensity are due to

multiple probes binding to target RNA, with the foci static due to the RNA being

produced during active transcription.

A way to measure transcription duration using this method would be to observe

the appearance of a static focus and measure the length of time it is stationary

before the focus diffuses away. For a single cell a static focus was chosen to be

investigated. In Figure 4.14 a static focus appeared at frame 79 in the acquisition

and remained at the same location until frame 177, where a fluorescent focus

appeared further towards the edge of the cell. The focus was static for 98 frames

equal to 4.9 seconds. The expected time for full transcription of the gene is ≈

71 seconds. The static time of the focus is only a fraction of the time for a full
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Figure 4.13: Fluorescence intensity of a single static focus (red circle) over the first
37 frames of an acquisition. Top: individual frames of the cell, 50 ms exposure
time. The focus is seen to split at frame 34 and diffuse away from the original
localisation. Scale bars 2 µm. Bottom: Fluorescence intensity vs. time trace for
the focus over 37 frames with a steady fluorescence intensity level corresponding
to two probes bound to the target RNA being produced from active transcription
at the localisation.
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Figure 4.14: Fluorescence intensity of a single static focus (red circle) over the
first 200 frames of acquisition. Top: individual frames of the cell, 50 ms exposure
time. The static focus is seen to appear at frame 79 and remain until frame 176,
preceded by a mobile focus in close proximity in frames 65-78. Scale bars 2 µm.
Bottom: Fluorescence intensity vs. time trace for the area of the red circle over
200 frames.
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transcription event under the above assumptions. On closer inspection of the movie

and fluorescence intensity vs. time trace, a mobile focus was in the proximity of

the location of the static focus in frames 65-78 before the static focus appeared in

frame 79. One could hypothesise that the mobile focus becomes a static focus by

capture of the target RNA by an immobile RNase. In frame 177, the focus moves

away from the location and this came be presumed to be release of the RNA by

the RNase after cleavage. The presence of the initial mobile focus in frames 65-78

suggests that this is not a transcription event being observed, however, this method

of measuring static foci indicates how transcription and other kinetics related to

RNA can be observed using in vivo smFISH. With a small amount of further

optimisation, this assay has the potential to measure the full expected duration

of transcription of the gene through a higher concentration of probes used during

electroporation. Further changes to the method could include the use of stable

organic fluorophores, as well as stroboscopy, which could yield an imaging time

of several minutes, allowing the capture of full transcription events even for the

longest genes.

4.3 Discussion

The results here show a proof-of-principle for in vivo single-molecule FISH (sm-

FISH), which is a novel way to conduct FISH in live cells. It was shown that

short fluorescently labelled probes can be used to bind to specific RNA targets

inside live cells, without degradation of the probes. Target-specific binding was

observed for both plasmid and chromosomal expression showing how to localise

target RNA and, with some further optimisation, the ability to measure full tran-
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scription events and transcription kinetics. In vivo smFISH is an advancement on

previous experiments of FISH in live bacteria as single-molecules can be detected

inside cells, not seen by Batani et al. [136] and the cells are still alive, unlike the

the first attempt at FISH in bacteria by Silverman et al. [135].

Future short-term experiments include increasing the concentration of the probes

in the cell in order to facilitate more parallel probe binding events allowing the

observation of specific RNA over a longer time period. Also, reduction in the

laser power would slow the speed of photobleaching of the probes, as long as a

good signal to background ratio is maintained. Stroboscopy, with dark frames in

between excitation frames, could be used to preserve the photon budget of the flu-

orophores and increase possible imaging times. With these slight adjustments, the

in vivo smFISH method could be used to measure the time taken for transcription

of selected genes and compare the transcription kinetics of different sequences.

In the longer-term, genes that have been modified to include a pause sequence

could be compared to unmodified sequences, as longer transcription events could

be identified by longer lived static foci within cells. Other possible experiments

could include combining in vivo smFISH with chromosomal labels to look for co-

localisation of a known site on the chromosome and the localisation of the target

RNA. It may also be possible to use two different probes labelled with spectrally

separated dyes, such as Cy3B and ATTO647N, to mark the start and end of

transcription by placing binding sequences at the two ends of the RNA transcript

allowing the time for transcription to be measured precisely.

To allow the in vivo smFISH method to be established as a key technique,

the implementation of tracking software is essential allowing the velocity and lo-

cation of many static and mobile fluorescent foci to be recorded. Once developed
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further, in vivo smFISH can be used for, but not limited to, measuring sequence

specific pausing of transcription, cell stress response, and cell response to antibiotic

treatments, making it a powerful tool for studying live cell processes.
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Chapter 5

Materials and Methods

5.1 Chapter 2

5.1.1 DNAs

A table of the gapped-DNA constructs sequences is included in the appendix to the

chapter, see Figure 5.1. All DNA constructs were annealed in equimolar amounts

in annealing buffer (200 mM Tris-HCL pH 8, 500 mM NaCl and 1 mM EDTA pH 8)

by heating to 90 ◦ C and slow cooling to 4 ◦ C. A second table is included of the seals

used in this chapter, see Figure 5.2. Explanation of the nomenclature - an example

strand is GSeq(1-27)-TCy3B,P18. GSeq refers to the gap sequencing experiments,

(1-27) documents the length of the strand and the position within the construct

with respect to the 5’ end, T represents top strand and Cy3B, P18 notes the type

and position of modifications.

The Biotinylated Hairpin, GSeq(1-27)-TCy3B,P18, GS12-compl-TAT647N,P28, GS9-

compl-TAT647N,P28, GS6-compl-TAT647N,P28 and GS6-mis3G- TAT647N,P28 were pur-
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chased from iba. All other DNAs were synthesised by Brown Group, Department

of Chemistry, University of Oxford.

The biotinylated DNA constructs were immobilised on polyethylene glycol

coated coverslips [145] at an approximate density of 0.23 µm-2.

5.1.2 Buffers

Standard imaging buffer: 0.5 M NaCl, 50 mM HEPES, 6 mM BSA, 1 mM Trolox

and seals at specified concentration. The imaging buffer also contained an oxy-

gen scavenging system: 1% glucose, 40µg ml-1 catalase and 0.2 mg ml-1 glucose

oxidase. For experiments with tetramethylammonium chloride (TMAC), the stan-

dard imaging buffer was adjusted to include 3 M TMAC. For experiments with

seals containing 5-nitroindole universal bases the standard imaging buffer was ad-

justed slightly to contain 0.25 M NaCl.

5.2 Chapter 3

5.2.1 DNAs

The table in Figure 5.3 gives the DNA sequences for the DNA constructs and seals

used in Chapter 3. All pre-annealed DNA constructs were annealed in equimolar

amounts in annealing buffer (200 mM Tris-HCL pH 8, 500 mM NaCl and 1 mM

EDTA pH 8) by heating to 90 ◦ C and slow cooling to 4 ◦ C. The nomenclature

for the DNA names is the same as those in Chapter 2. GSeq-CAP-GP25,CP38-(1-

49)-BBio,P49 and GSeq-CAP-GP38-(30-49)-T were purchased from Sigma-Aldrich.

GSeq-CAP- CP25-(1-49)-TCy5,P1 was purchased from Integrated DNA Technolo-
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gies. GSeq-CAP-CP25,GP38-(1-49)-TCy3B,P13, STD45-TBio,P1,Cy3,P45 and STD45-

BAT647N,P28 were purchased from iba. All other DNAs were synthesised by the

Brown Group, Department of Chemistry, University of Oxford.

The biotinylated DNA constructs were immobilised on polyethylene glycol

coated coverslips [145] at an approximate density of 0.23 µm-2.

5.2.2 Protein Expression, Purification and Labelling

The doubly mutated catabolite activator protein (CAP) was expressed on the

plasmid pHSCRP C178SH17C created by Dr. El Sayyed, Kapanidis Group. The

plasmid expresses CAP/CRP with the cysteine at position 178 changed to serine

(to prevent labelling at this position) and the histidine at position 17 changed

to cysteine (making cysteine labelling possible at this position). Position 17 was

chosen as labelling with a fluorophore here should not interfere with DNA binding.

The CAP gene was controlled by a T7 promoter downstream of LacI allowing tran-

scription of the CAP gene in the presence of Isopropyl β-d-1-thiogalactopyranoside

(IPTG). The plasmid was transformed into competent E. coli cells BL21 DE3 via

heat shock. The cells were plated on LB agar plates with 100µg/ml Ampicillin

overnight at 37 ◦ C, a colony picked then cultured in the presence of 100 µg/ml

Ampicillin to optical density (OD) of 0.6 OD units at 600 nm before 1 mM IPTG

was added. After three hours shaking at 37 ◦ C, the cells were centrifuged at 4000

rpm for 30 minutes, collected and stored at -80 ◦ C.

The cells were later thawed and lysed using a French press in 50 ml lysis buffer

(20 mM Tris-HCL pH8, 0.5 M NaCl, 5% glycerol) and protease inhibitor. Then

centrifuged at 13000 rpm for 40 minutes and the supernatant collected. For pu-
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rification of the protein a Ni-NTA column was prepared with 4 ml of Ni-NTA

slurry and washed with 40 ml of equilibrium buffer (20 mM tris-HCl pH8, 500 mM

NaCl, 5% glycerol). The cell lysis supernatant was added to the column and the

flow-through collected, twice. The column was then washed with washing buffer

(20 mM Tris-HCl pH8, 500 mM NaCl, 5% glycerol, 500 mM imidazole). CAP was

then exchanged into a storage buffer (40 mM Tris-HCl pH8, 100 mM NaCl, 5%

glycerol, 1 mM TCEP) and stored in aliquots at -80 ◦ C.

Aliquots of CAP were then labelled with 10-fold excess Alexa647 maleimide by

Dr. Mazumder, Kapanidis Group. Excess dye was removed from the labelled CAP

by a G25 Sephadex column. The absorption spectra of fractions of CAP in CAP

storage buffer after gel filtration were recorded to indicate fractions containing

labelled protein. A final labelling efficiency of the CAP with Alexa647 was 52%.

5.2.3 Buffers

Single-molecule CAP binding assays were conducted in CAP binding buffer (40 mM

Tris-HCl pH8.0, 100 mM KCl, 10 mM MgCl2, 5% glycerol, 0.2 mM cAMP). The

CAP binding buffer also contained an oxygen scavenging system: 1% glucose,

40µg ml-1 catalase and 0.2 mg ml-1 glucose oxidase.

Standard imaging buffer: 0.5 M NaCl, 50 mM HEPES, 6 mM BSA, 1 mM Trolox

and seals at specified concentration. The imaging buffer also contained an oxygen

scavenging system: 1% glucose, 40µg ml-1 catalase and 0.2 mg ml-1 glucose oxidase.
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5.2.4 Assay for Denaturing and Reannealing In Situ

Annealed biotinylated FRET standards were immobilised on the surface via polyethy-

lene glycol (PEG) [145], washed with 1X PBS (Phosphate-Buffered Saline) thrice

and imaged at 532 nm in 20µl standard imaging buffer. Then washed with 1X PBS

thrice before incubation with 10 mM NaOH (20µl) for 1 minute. The sample was

then washed again with 1X PBS thrice before imaging at 532 nm in 20µl standard

imaging buffer. After washing three times with 1X PBS, the sample was incubated

with 50 nM STD45-TAT647N,P28 with 0.5 M NaCl for 1 minute. The sample again

was washed thrice with 1X PBS before 20µl of standard imaging buffer was added

and the sample imaged at 532 nm.

The denaturing and in situ hybridisation of the CAP DNA constructs was con-

ducted similarly. Annealed biotinylated CAP consensus binding sequence dsDNA

construct was immobilised rather than the FRET standard. Also, 25 mM NaOH

for 2 minutes was used instead of 10 mM for 1 minute. For gapped-DNA hybridis-

ation in situ, gap hybridisation mix (10 nM of GSeq-CAP-(1-20)-TCy3B,P11, 10 nM

GSeq-CAP-(30-49)-T, annealing buffer) was placed in the well for 5 minutes.

5.2.5 Assay of CAP Binding Followed by Gap-Seq

The whole assay for single-molecule CAP binding through to Gap-Seq was as

follows. First, biotinylated dsDNA CAP binding constructs were immobilised on

a PEG surface and washed thrice with 1X PBS. CAP was placed in the well in CAP

binding buffer and imaged at 532 nm and 640 nm. The well was then washed three

times with 1X PBS before a 2 minute incubation with 25 mM NaOH. The sample

was washed thrice with 1X PBS and replaced with standard imaging buffer and
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imaged at 532 nm and 640 nm. The sample was washed thrice with 1X PBS and

the gap hybridisation mix was added for 5 minutes. The well was then washed with

1X PBS three times before being replaced with standard imaging buffer containing

100 nm seal DNA and imaged at 532 nm and 640 nm.

5.2.6 Mixed DNA on the Surface Followed by Gap-Seq

The assay used here was very similar to the previous assay with some slight

changes. Two sequences CAP binding dsDNA constructs were immobilised, con-

sensus binding sequence and 1 x mutant sequence instead of a single sequence.

Gold nanoparticles were immobilised on the surface for 2 minutes with an average

density of 6 per field of view in the green emission channel and 3 per field of view

in the red emission channel. After imaging the dsDNA on the surface, 640 nm

excitation was used in the presence of 1X PBS to bleach the Cy5 fluorophores on

the 1 x mutant CAP binding sequence DNA constructs allowing localisation of

the nanoparticles and Alexa647 CAP binding to visualised in future assays. No

CAP in CAP binding buffer was added to the cell and the following washing step

was skipped. Also, 25 mM NaOH was only used for 2 seconds, rather than two

minutes, to denature dsDNA. The hybridisation mix was also contained 100 nM of

the top flanking strands. The rest of the assay was the same as above.
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5.3 Chapter 2 & 3 Data Collection

5.3.1 Microscopy and Data Analysis

Movies were collected using the Oxford Nanoimager microscope [146] at a maxi-

mum frequency of 100 Hz. The microscope was used as a widefield single-molecule

fluorescence microscope with objective based total internal reflection illumination

at 53 ◦ C. Continuous wave excitation lasers (532 nm and 640 nm) were used to

excite Cy3B and ATTO647N/Alexa647 respectively with the laser power adjusted

to the experiment.

Drift Correction

Software used for x/y drift correction of the field of view was ‘Localize’ and ‘Render’

from the Picasso software [147]. Further drift correction across multiple movies by

using the fiducial markers was performed by hand.

Time Traces and HMM Analysis

The FRET data was analysed using single-molecule FRET analysis software from

Oxford Nanoimaging. The localisation of gapped-DNAs and the analysis of direct

excitation of ATTO647N labelled seals of Alexa647 labelled CAP was conducted

using custom built software built by Dr. Steuer, formally Kapanidis Group.

Data from experiments was collected in the form of .tiff or .fits movies where

images of the field of view (FoV) of the sample were separated by the exposure

time of the camera (10-100 ms). The custom-built software detected regions of high

intensity fluorescence and determined them to be a point of fluorescence within

the movie and identified the same region in the FoV in the other fluorescence
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channel of the microscope. The intensity at these points was then graphed through

the length of the movie to produce fluorescence intensity vs. time traces. The

software automatically performed background fluorescence subtraction using the

area surrounding the point of fluorescence. The fluorescence intensity vs. time

traces were then sorted to identify traces that show fluorescent events which were

analysed.

Hidden Markov Modelling (HMM) analysis was then be conducted on sorted

fluorescence intensity vs. time traces [148]. HMM identified different intensity

states within the traces and measured the number of frames spent in each state.

State Histograms

The collated state times were then appropriately binned and plotted as a histogram

for each state. The histograms were then fitted with a decaying exponential fit in

order to determine an average time spent in each state. A two-state model can be

fitted with a single exponential fit, however, kinetics with more than two states are

more accurately fitted with multiple exponentials [75]. The dwell time histograms

were fitted with a decaying biexponential with off time histograms fitted with a

single exponential. The times calculated from the fits of the histograms were be

interpreted as the average time for that event. Dwell time histograms gave the

average dwell time T1 interpreted as the average time for partial/abortive binding

and the average dwell time T2 interpreted as the average time for full binding.
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5.4 Chapter 4

5.4.1 DNAs

The table in Figure 5.4 gives the DNA sequences for probes used in Chapter 4.

5.4.2 Electroporation of Cells

Thawed MG1655WT cells were incubated with 1µM probes or Milli-Q water for 30

minutes. Cells were then placed in chilled 25µl electrocuvettes and electroporated

with 1.4 kV. Cells recovered in S.O.C. media at 37 ◦ C, 350 rpm for 30 minutes.

Cells were centrifuged for 2.5 minutes at 3300 g at 4 ◦ C, the supernatant removed

and chilled 1X PBS added. The centrifuging and washing procedure was repeated

three times. After the final wash, cells were suspended in 20µl of 1X PBS and

placed on ice.

5.4.3 Imaging

For imaging, cells were placed on 1% agarose pads containing 1X M9 that were

made between two burnt coverslips. Images of cells were collected using bright

field and HILO microscopy (illumination at 532 nm and 640 nm) on a custom

built widefield microscope and on the Oxford Nanoimager microscope [146] at a

maximum frequency of 20 Hz. The data was viewed and analysed using FIJI [149].

5.4.4 Plasmid Creation

The plasmid pBEC1 was created to allow for expression of a designed target RNA.

pBEC1 was generated by Gibson assembly with the plasmid backbone amplified by
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PCR from the plasmid pACBSR [141] and the mini-gene insert was assembled by

hybridising two long PCR primers. The mini-gene insert was put under the control

of an arabinose-inducible promoter [142] and followed by a terminator creating an

RNA of ≈100-102 bases. The plasmid pBEC1 was transformed into MG1655WT

cells via electroporation (2.5 kV), plated on a LB plate with 35µg/ml Chloram-

phenicol (CAM) and cultured in the presence of 0.1% arabinose. Cells were har-

vested in early exponential phase < OD600 = 0.2, were concentrated 600 times and

stored at -80 ◦ C. Cells containing pBEC1 were made under the supervision of Dr.

El Sayyed, Kapanidis Group.

5.4.5 Chromosome Expression

Cells modified to allow expression of target RNA on the chromosome were made

by Dr. El Sayyed, Kapanidis Group. For chromosomal expression, the repeated

binding array was inserted by Gibson assembly on a plasmid pTARA [144] carrying

a T7 RNA polymerase gene under the control of the arabinose inducible promoter

pBAD. The ribosome binding site was replaced by the 8 nt probe array. The

plasmid was then used as a template to generate a lambda red substrate to insert

the whole construct on the chromosome between glnA and typA genes in MG1655

E.coli. Experiments were made with electro competent cells harvested in early

exponential phase < OD600 = 0.2, were concentrated 600 times and stored at

-80 ◦ C.

5.5 DNA Sequences
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Figure 5.1: Gapped-DNA constructs sequence’s used in Chapter 2 - labelled bases
are in bold and underlined.
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Figure 5.2: Seal DNA sequences used in Chapter 2 - labelled bases are in bold and
underlined, mismatch bases are underlined only.
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Figure 5.3: DNA sequences for the DNA constructs and the seals used in Chapter
3 - labelled bases are in bold and underlined.
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Figure 5.4: DNA sequences of the probes used in Chapter 4 - labelled bases are in
bold and underlined.
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Chapter 6

Conclusion

In this thesis I present experiments in the development of two single-molecule

methods, which utilise DNA hybridisation, one to link phenotype to DNA se-

quence for sequence dependent protein-DNA interactions and the other to view

gene expression in live prokaryotic cells.

The first experiments presented were the proof-of-principle results for Gap-Seq

- a high throughput single-molecule DNA/RNA sequencing method that uses the

binding kinetics of labelled oligonucleotides (seals) binding to surface-immobilised

gapped-DNAs. The difference in the binding kinetics of seals (8-6 nt), for a single

base mismatch compared to full complementary binding, is a way to sequence a

single base at a time. The ability to sequence unknown sequences using Gap-

Seq was demonstrated through the use of degenerate or universal bases. After

showing that single base changes in the binding sequence of the catabolite activator

protein (CAP) affect its phenotype, an assay was developed to show how single-

molecule measurements of catabolite activator protein (CAP) binding to surface-

immobilised DNA can be followed by Gap-Seq to investigate the binding sequence.
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The assay was made possible by the formation of gapped-DNAs in situ, from double

stranded DNA, through chemical denaturing of the DNA and hybridisation of DNA

strands in situ. Further experiments also indicated how the method could be used

for multiple DNA sequences immobilised on the surface.

Gap-Seq has the potential to become a high-throughput short-read single-

molecule sequencing method able to analyse many DNA sequences on a surface

and link this to sequence dependent protein behaviour on both commercial and

custom-built microscopes. The method does have some limiting points such as the

need for drift correction, as is standard with super-resolution imaging techniques,

and the necessity of fluorescently labelled seals, which can be costly. To improve

the method, the implementation of fluidics for solution exchange is necessary and

the use of artificial intelligence to classify fluorescence intensity vs. time traces

will allow faster processing of results. Other related research that would provide

more insights would be computational modelling of the kinetics of DNA hybridis-

ation to gapped-DNA, to generate expected kinetics for specific sequences. Once

developed, the Gap-Seq method would allow new insights into highly sequence

dependent reactions such as those involving aptamers and sequence dependent

processes such as transcription.

The other method under development in this thesis was ‘in vivo single-molecule

FISH (smFISH)’. In vivo smFISH is a technique similar to fluorescence in situ

hybridisation (FISH), however, in live prokaryotic cells rather than fixed cells.

Short (8 nt) doubly fluorescently labelled oligonucleotides (probes) can be elec-

troporated into live cells and bind to target RNAs producing highly fluorescent

static or slowly diffusing spots (foci). Through analysis of foci, particularly the

static foci, gene expression can be localised and the kinetics measured. In vivo
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smFISH presents advancements on current attempts of FISH in live prokaryotic

cells as single-molecules can be observed, giving access to the kinetics of cellular

processes. With some further optimisation of the assay and implementation of

tracking software, in vivo smFISH could be applied to study the effect of sequence

dependent pausing during transcription for example, creating a powerful tool for

understanding live bacterial processes.

The two biophysical methods developed in this thesis add to the growing ev-

idence that interdisciplinary research is needed, now and in the future, to allow

for innovation in science and to further humankind’s understanding of the natural

world.
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