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Abstract
Direct stochastic optical reconstruction microscopy (dSTORM) is a singlemolecule imaging technique which involves tagging molecular targets with
fluorescently labelled antibodies. In this method, only a subset of fluorophores emit
photons at the same time, while the majority of fluorescent tags are pushed into an
optically inactive state. This powerful technique, where resolution of 20 nm can be
achieved, suffers from two major drawbacks which prevent quantitative analysis.
The first problem lies with labelling of proteins of interest, where a single
protein is typically labelled by multiple secondary antibodies tagged with a variable
number of fluorophores. To count the number of proteins only one fluorophore per
protein of interest must be assured. To solve this problem, I aimed to develop a novel
linker molecule which, together with Fab’, an antigen-binding fragment, would produce
a detection agent for 1:1 fluorophore to protein labelling. An alternative approach was
also employed, in which an anti-EGFP nanobody was homogeneously mono-labelled
with Alexa Fluor 647.

Binding to EGFP was analysed both qualitatively and

quantitatively and an excellent nanomolar affinity was demonstrated. The degree of
labelling investigation revealed 1:1 nanobody to fluorophore ratio. The analysis of the
nanobody was also performed using dSTORM, both on glass and in cells. The monolabelled nanobody produced significantly less localisations per single target as
compared to the commercially available F(ab’)2 fragment and showed excellent
colocalisation with EGFP in EGFP-SNAP-25 and EGFP-Lifeact transfected cells.
The second problem in dSTORM is connected with the photophysical process
itself. This is because the same fluorophore in dSTORM can enter light and dark cycles
multiple times, so it is impossible to establish if closely neighbouring signals originate
from one or multiple sources. A polarisation-based method was developed allowing
measurement of polarisation of each fluorophore’s dipole. My strategy involved a
change in the microscope pathway employing a polarisation splitter to separate light
coming from each fluorophore into two components with orthogonal polarisations.
Finally, the single labelling was combined with the polarisation experiments to achieve
quantitative dSTORM, where the neighbouring signals could be assigned to the same or
different targets, based on the polarisation value of each signal.
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Chapter 1:
Introduction

1

1.1 History of optical microscopy
The pursuit of mankind to look at minute things with the aid of instruments can
be traced back to antiquity when glass began to be used for magnifying purposes (Beck,
1928). However, the first simple microscopes, employing a single lens, began to appear
in the 15th century (Singer, 1912).

The discovery of the first crude compound

microscope, i.e. the magnifying device composed of a system of lenses, is uncertain,
although some sources attribute it to Hans and Zacharias Jansen, who experimented
with an array of lenses placed in a tube. Some early microscopists used devices where
multiple lenses were combined, for example Eustachio Divini used the combination of
six lenses.

The term "microscope", coined by Giovanni Faber, originating from

the Greek words µικρόν (micron, "small"), and σκοπεῖν (skopein, "to look at") was first
used to describe Galileo Gallilei's device from 1609 also called "occhiolino" - a
compound microscope containing convex and concave lenses (Wollman et al., 2015).
Notable 17th century scientists who used both simple and early compound microscopes
are Nehemiah Grew and Marcello Malpighi. Grew, the father of plant anatomy, was
studying the internal structure of plants and was the first person to describe the
microscopic structure of pollen (Grew, 1682) while Malpighi used microscopes to study
plants and animals and made pioneering observations on capillary structures and blood
corpuscles (Martins e Silva, 2009). The most historically significant book containing
early microscopy discoveries was Robert Hooke's Micrographia (Hooke, 1665). There
he included his famous drawings of the eye of the fly, showed the anatomies of insects
and an enlarged image of a thin slice of cork. He is notably the first person to use the
word "cell" to describe the tiny partitions he saw within the biological structures. His
contemporary, Antonie van Leeuwenhoek, is one of the most important microscopy
pioneers who made over 500 microscopes and specialised in producing devices of
powerful single lenses and was the first person to observe and describe microorganisms
(Robertson, 2015).
Throughout the early development and application of microscopy image
aberrations posed a common problem. In the mid 19th century, Giovanni Amici made
some of the first microscope objectives which were effectively corrected for chromatic
and spherical aberrations (Barnett, 2003). He also invented the first oil-immersion
microscope removing some causes of imperfections during the focusing processes.
Early microscopes commonly used white light for the illumination of samples and the
quality of the illumination source was often poor. With the advent of the electric light
in the second half of the 19th century the evolution of the microscope accelerated. In
2

1893 August Köhler developed a key principle of sample illumination named after him,
which illuminates the sample with a defocused image of the light source providing a
perfectly flat illumination (Kubitscheck, 2013).

Further improvements to the

illumination of samples by white light came through the invention of phase-contrast
microscopy by Frits Zernike.

This technique converts phase changes of the light

passing through a transparent sample into amplitude changes which can then be viewed
(Zernike, 1942).
In the early 20th century, UV microscopes were commercialised. With them
came the discovery of fluorescence in optical microscopy, initially viewed as
undesirable feature in UV experiments. The first fluorescent microscopes were created
in 1910s by Oskar Heimstädt with cuvettes constructed by Hans Lehmann and were
used to observe autofluorescent samples (Rusk, 2009). In 1914, Stanislav von Provazek
was the first person to stain cell samples for fluorescence microscopy (Borel and Jansen,
2009).

1.2 Fluorescence microscopy
All living organisms are composed of cells but with amazing diversity in both
form and function. Single cells of some species are visible with the naked eye, like the
super-sized unicellular algae Caulerpa taxifolia reaching meters in length (Ranjan et al.,
2015). However, most living cells are of much more humble sizes. An average human
of 70 kg consists of 1012-1016 cells, with a 4×10-9 cm3 mean volume (Bianconi et al.,
2013). Moreover, there are 2-4 million proteins per cubic micron in bacteria, yeast, and
mammalian cells (Milo, 2013) and the human body contains over 30,000 different types
of proteins (Grace, 2006). These sub-cellular structures cannot be distinguished from
one another under the conventional light microscope. They are densely packed in cells
and are transparent, they are also built from the same building blocks, impeding
discrimination. To understand where and when in the cell a certain protein functions, it
needs to be specifically labelled with and visualised. Fluorescence microscopy enables
imaging of such samples (Lakowicz, 2006).
Fluorescence is a phenomenon where a spontaneous emission of radiation occurs
within a few nanoseconds after the exciting radiation is absorbed (Atkins et al., 2008).
The process will be described in more detail in section 1.2.1. In a conventional widefield fluorescence microscope the whole sample is illuminated and the image can be
viewed directly through the eye-piece or projected onto a camera or photographic film.
A scheme of a typical inverted fluorescence microscope is shown (Figure 1.1A). The
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Figure 1.1 Basic principles of fluorescence. (A) A scheme of an inverted fluorescence
microscope. Light coming from the xenon lamp, or a laser, is focused by a lens and reflected by
a mirror. The excitation light travels through the dichroic beamsplitter and the objective lens which
focuses the light on the specimen. The emission light is collected from the specimen and travels
through the objective. Before it reaches the detector, the excitation light present in the pathway is
filtered off. (B) The Jablonski diagram showing the electronic states of a molecule and the
transitions between them. Upon absorption of a photon, a fluorescent molecule is excited from the
ground electronic state (S0) to the higher energy electronic and vibrational state (S1).
Subsequently, it undergoes non-radiative process of vibrational relaxation (VR) and obtains the
lowest vibrational state of S1. From there, the molecule returns to the ground state by
fluorescence emission. The molecule can enter the spin-forbidden process of intersystem
crossing (ISC) and enter the triplet state. Another intersystem crossing brings the molecule back
to the ground state, this process is non-fluorescent. (C) Normalised fluorescence spectrum of
Alexa 647. The excitation spectrum with the maximum at 647 nm is shown in blue, while the
emission spectrum with the maximum at 665 nm is shown in red. The Stokes shift shows the
difference between the peaks’ maxima. (D) A dipolar fluorophore absorbing and emitting a
plane-polarised light. When a linearly polarised light (green arrow) falls on a fluorescent molecule
whose electric dipole is parallel to the electric field of the excitation light, the chance of photon
absorption is the highest. After excitation, a fluorophore emits light (red arrow), which is polarised
perpendicularly to the polarisation of the incident light (θ = 90°).
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light source can either be a lamp or a laser with xenon or mercury arc lamps widely
used. The stability of the light source is important, unstable light sources, caused either
by mechanical faults or inappropriate current, cause flickering, which produces
artefacts. The smaller the distance between the electrodes, the more stable is the lamp.
Also, it has been observed that xenon arc lamps are characterised by more stability than
mercury arc lamps, and the addition of xenon to the mercury lamp improves the stability
(Ploem, 1971). Key to the operation of a fluorescence microscope is the selective
illumination of the sample with only light of a certain wavelength followed by detection
of a second specified wavelength. This is commonly achieved through the use of three
filters; an excitation filter, an emission filter and a dichroic beamsplitter. The selection
of appropriate filters is crucial to perform successful fluorescence microscopy
experiments. Excitation filters allow only the light of the desired wavelength to reach
the specimen, emission filters block the excitation wavelength and allow only the
emitted light to reach the eyepiece or the detector. Dichroic beamsplitters are oriented
at 45° to the exciting light and also the emitted light and precisely reflect the light of the
exciting light while passing through the emitted light. Nowadays most of these three
types of filters are dielectric glass coatings having varied refractive indices and
reflectivity. Filters come as longpass (LP), bandpass (BP) and shortpass (SP) (Brideau
et al., 2015). The light is guided by a set of high-quality mirrors and focusing and
defocusing lenses. A variety of samples can be visualised, both live and fixed cells, and
specific biomolecules can be targeted (Thanisch et al., 2014; Verveer, 2015).
Fluorescence microscopy is characterised by a variety of modalities of
acquisition. In its simplest incarnation, fluorescence microscopy can be used to acquire
a single two-dimensional image from a focal plane positioned anywhere in the threedimensional volume of the sample. A great benefit of fluorescence microscopy is the
availability of a whole palette of fluorophores which can be simultaneously used in a
single experiment (Baker, 2011; Day and Davidson, 2009). This additional dimension,
the spectral dimensions, combined with multiple colour image analysis, provides the
ability to observe the location of biological objects and measure the colocalisation of
biomolecules (Comeau et al., 2006). Another dimension, which can be added to these
techniques, is time. The advantage of this technique is that it enables observation of
dynamic processes in cells. 2D particle tracking has been used to study molecules with
high sensitivity (Meijering et al., 2012). Although valuable data can be collected from
2D microscopy, cells are three-dimensional structures, therefore to reflect cellular
architecture and processes more accurately, 3D microscopes are advantageous. Most
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3D images arise through the microscopes scanning the depth of a sample but other
techniques can also be used, like translating the position-dependent emission spectrum
of fluorophores at different depths, the recorded colour is then correlated to a position
(Elsayad et al., 2013). One step further is time-lapse microscopy which is employed to
investigate cell movements in 3D (Stephens, 2003). Imaging can be carried out at
different wavelengths with time-lapse imaging to investigate cellular dynamics
(Vonesch et al., 2006). Three-dimensional time-lapse (4D) fluorescence microscopy is
developing very quickly (Hammond and Glick, 2000). Focal planes can be rapidly
collected in time-lapse mode (De Mey et al., 2008). 4D experiments can provide tools
for understanding vital biological processes, e.g. they have been used to study the
dynamics of virus-host cell interactions (Arhel et al., 2006), telomere analysis (De Vos
et al., 2010) and protein aggregation in live cells (Spokoini et al., 2013).
The disadvantage of epifluorescence illumination is that a substantial amount of
out of focus blur occurs in the image, resulting from the contribution of signals from
structures above and below the plane of focus (White et al., 1987). This problem is
solved in confocal fluorescence microscopy where selected planes can be imaged within
a sample while the light from out-of-focus planes is rejected (White et al., 1987). This
occurs due to the use of a point illumination source and the passing of the collected light
through a pinhole to remove out of focus emission. The excitation point is then raster
scanned across the sample sequentially building up the image (Wang et al., 2005).
Sequential scanning comes at a cost in terms of sampling rate, which is longer than in
the wide-field methods (Lakowicz, 2006). Spinning-disc confocal microscopy is faster,
it employs aligned arrays of moving pinholes and microlenses which scan a field of
view in a single camera exposure (Sisan et al., 2006). However, the downsides of this
technique are low efficiency of light transmission, light being reflected by the spinning
disk and intrusive lines in the image (Pawley, 1990).
For two-dimensional acquisition, total internal fluorescence microscopy
(TIRFM) can be used, which excites only the fluorophores situated adjacent to the glass
coverslip (Lakowicz, 2006). TIRFM produces a very thin, approximately 200 nm
electromagnetic field in the liquid.

The frequency of that field, also called the

'evanescence wave' matches the frequency of the incident light and exponentially decays
in intensity with the distance from the surface. As a result, fluorophores in the liquid
near the surface of the coverslip are excited while the ones further out in the liquid are
not. Therefore, TIRFM makes it possible to image specific regions in 2D, with hightemporal resolution and the image is not occluded by emission from out of plane
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fluorescence. Apart from a lower background as compared to standard epifluorescence
microscopy, and hence higher signal to noise ratio, the cells are exposed to a much
smaller amount of light (Fish, 2009). Since the fluorophores near the cell surface can be
selectively excited while fluorescence from intracellular regions is minimised, this
technique is often used to the study cell membrane (Jaiswal and Simon, 2007). TIRFM
experiments have provided valuable insights into exocytosis (Rickman and Duncan,
2010; Toomre et al., 2000; Xu et al., 2013) and endocytosis (Cocucci et al., 2014;
Kaksonen et al., 2006; Keyel et al., 2004).
1.2.1 Principles of fluorescence
A light of a certain wavelength, either from a laser or an incandescent lamp, is
shone on a specimen, which then emits fluorescence. This happens due to the spinallowed singlet-singlet emission of photons (Turro et al., 2009). The processes arising
between the absorption and emission of light are well illustrated by the Jablonski
diagram (Lichtman and Conchello, 2005). A simplified version describing processes
involved in fluorescence microscopy is shown (Figure 1.1B). Upon absorption of a
photon, a fluorescent molecule is excited from the ground electronic state (S0) to the
higher energy electronic and vibrational state (S1). Subsequently, it undergoes the nonradiative process of vibrational relaxation and obtains the lowest vibrational state of S1.
From there, the molecule returns to the ground state by fluorescence emission.
Fluorescence emission occurs at lower wavelengths than the incident radiation because
the emission of light occurs after some vibrational energy has been lost to the
surroundings, therefore an emitted photon is of lower energy than that used to excite the
fluorophore. This phenomenon can be seen in the absorption and emission spectrum of
a fluorophore (Figure 1.1C), in this case Alexa 647, where the maximum excitation
wavelength is of 647 nm while the emission maximum is 665 nm. The difference
between the peak maxima of absorption and emission is known as the Stokes shift.
Because of this property, the excitation light can be completely filtered off and only the
fluorescence emitted from the sample recorded.
The intensity of fluorescence depends on the solvent in which the process
occurs, because the solvent molecules can accept electronic and vibrational quanta
(Atkins et al., 2008). Solvents with vibrational levels widely spaced out, such as water,
can quench the fluorescence. A molecule can also take a path of intersystem crossing,
where the spin-forbidden electronic transition takes place.

This phenomenon is

exploited in some fluorescence microscopy techniques (van de Linde et al., 2011) and
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will be explained in the further chapters. The timeline of these processes is as follows:
absorption occurs in ~10-15 s, vibrational relaxation takes ~10-14-10-11 s, intersystem
crossing 10-8-10-3 s while inherent fluorescence lifetime of most organic molecules is
within 10-6-10-9 s (Turro et al., 2009).
Fluorescence microscopy requires fluorescent samples (Lakowicz, 2006).
However, fluorescence is not an intrinsic property of the majority of visualised
specimens and needs to be introduced by other means. The main methods of creating a
fluorescent biological sample are expressing foreign fluorescent proteins and labelling
with fluorescent dyes. Fluorescent proteins are acquired from living organisms and
altered through mutagenesis for applications in a range of fluorescence experiments
(Day and Davidson, 2009).

The other group of fluorescence probes, the organic

fluorophores, are chemically synthesised and commonly attached to antibodies for
specific detection of biological molecules (Heilemann et al., 2009). Both fluorescent
proteins and organic fluorophores will be described in more detail in section 1.3. The
probes, both derived from living organisms and synthesised organic dyes, come in a
palette of different colours and can be used in a range of various pH (Tsien et al., 2006).
1.2.2 Extraction of multiple parameters from fluorescent light
Light is an electromagnetic wave and as such its fundamental properties are
wavelength, frequency, intensity, propagation direction and polarisation (Eren, 2005).
Additionally for fluorescent processes, the fluorescence lifetime, which relates to the
average time between the excitation of a fluorophore and its return to the ground state,
can be measured (Lakowicz, 2006). Light in a fluorescence microscopy experiment is
primarily characterised by the wavelength and intensity.

The first parameter is

connected with the wave and the second with the particle nature of light.

The

wavelength and frequency are connected to the photon energy and the relation is
described as:

E=

!"
#

E = hf

(1.1)
(1.2)

The symbols stand for: E - energy of a photon, h - Plank constant, c - speed of light in
vacuum, λ - wavelength of light, f - frequency of light (Atkins et al., 2008).
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Fluorescence microscopy uses light of the energy within the visible part of the
electromagnetic spectrum, therefore the observed colour is inseparably connected with
the wavelength of the emitted photons. Fluorescence intensity is a parameter describing
the amount of light coming from the fluorescent sample. It is quantitatively dependent
on parameters from the Beer-Lambert law: the molar extinction coefficient (the
probability that the photon of a given energy will be absorbed by the sample), optical
path length and the concentration of the solute (Hofkens and Enderlein, 2011). It also
depends on the fluorescence quantum yield of the dye and the excitation source
intensity and fluorescence collection efficiency of the instrument. Photomultipliers or
CCD cameras detect fluorescence and are able to quantify fluorescence intensity in
absolute units (Bernas et al., 2007). The quantity of excited molecules is proportional to
the decrease in light intensity, which happens when light is passing through the sample.
In fluorescent molecules, with the decreasing energy difference between S1 and S0, the
fluorescence intensity of fluorophores also decreases, which is the result of the
increased internal conversion (Hofkens and Enderlein, 2011). There were attempts to
use fluorescence intensity to get quantitative information on local concentration and
microenvironment of biomolecules in cells (Fricker et al., 2006) but it is hard to achieve
due to limited precision in estimating fluorescence intensity (Bernas et al., 2007). The
light shone on a sample passes through the numerical aperture and also is collected
through it, therefore there is only a range of angles over which the specimen can accept
and emit light. In one-objective systems, less than half of the light coming from a
sample will reach a detector because the propagation direction has to be oriented
towards the aperture. Dual objective multifocal plane microscopy can be used to collect
light from the sample propagating in more directions (Ram et al., 2009), however the
technique is demanding due to difficulty with the set-up. Fluorescence lifetime is
utilised in Fluorescence Lifetime Imaging Microscopy (FLIM) (Oida et al., 1993).
Fluorescence decay from a homogenous population of molecules can be described as a
single exponential function. Fluorescence lifetime is the time constant of this function,
which is the reciprocal sum of the rate constants of all possible return paths of the
electron from the excited to the ground state. The rate constants, and consequently the
fluorescence lifetime, are connected to the type of the molecule, its conformation and
interactions of the molecule with its environment (Becker, 2012). The resulting image
in FLIM is created according to the fluorophore lifetime rather than its intensity, which
is beneficial for decreasing the effect of photon scattering in thick layers of a specimen
(Jensen, 2012).
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The last property, polarisation, will be described in more detail due to its
particular significance in the project. Light is linearly polarised when the orientation of
its electric field vector does not change during propagation. This type of light can be
used in fluorescence microscopy for illumination of samples. The way in which such
light interacts with the sample is dependent on the fluorophore's electric dipole. Most
fluorophores have a dipole, which means that the fluorophore's charge is not equally
distributed, instead the positive and negative charges are separated. The strength and
direction of such separation is described as a dipole moment. This is shown on the
example of Acridine Orange (Figure 1.1D). Fluorophores in a sample are randomly
oriented and hence they have non-uniform dipole moments. When a linearly polarised
light falls on a fluorescent molecule whose electric dipole is parallel to the electric field
of the excitation light, the chance of the photon absorption is the highest, while when
the fluorophore is oriented perpendicular, the excitation does not occur.

This

observation has been exploited in experiments for decades (Weber, 1953) through
comparison of the fluorescence signals recorded parallel and perpendicularly to the
polarisation of the incident light.
After excitation, a fluorophore emits light, which is polarised perpendicularly to
the plane of the dipole.

In a polarised fluorescence microscopy experiment, the

emission polariser is set up in front of the detector and the intensity of light in a given
plane of polarisation is detected. This polariser is placed orthogonally to the electric
field of the exciting light, also described as the reference plane. When the light passed
this polariser, its intensity is measured which is described as 𝐼% . After rotation of the
polariser by 90°, the intensity is measured ( 𝐼‖ ) .

The ratio between two different

intensity measurements gives a measure of the degree of polarisation (p) of the emission
and is given by the formula:

p=

(‖ )(*
(‖ +(*

(1.3)

If all the dipoles were to radiate the light back parallel to the electric field of the
incoming light then p would have value 1 but if the emitted light would be
perpendicular, then it would be -1. So the values of p can only be within these limits.
Polarisation is successfully employed in biochemical sciences, with high
throughput screening (HTS) as an excellent example (Lea and Simeonov, 2011).
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Fluorescence polarisation can be directly linked to the fluorescence anisotropy (r),
which is expressed as:

r=

(‖ )(*
(‖ +,(*

(1.4)

The usefulness of the fluorescence anisotropy measurements has been shown in
biological research, e.g. this property was used to monitor protein movement in real
time and in homogeneous solution (Fang et al., 2001).

Taking advantage of

fluorescence polarisation and anisotropy in quantitative microscopy experiments can be
performed using uncomplicated instrumentation.

The measurements are fast and

accurate. They can provide information about the fluorescence lifetime or the local
environment but they can be confounded by movement of the dipole. The utilisation of
fluorescence polarisation and anisotropy in fluorescence microscopy will be described
in section 1.5.4.

1.3 Fluorophores in fluorescence microscopy
As was mentioned in section 1.2, most biomolecules exhibit no, or almost no,
fluorescence.

However, some biomolecules contain weakly fluorescent aromatic

groups, e.g. proteins' aromatic amino acids tryptophan, tyrosine and phenylalanine
display weak fluorescence in the short wavelength part of the visible spectrum
(Lakowicz, 2006; Sun et al., 2010). However, the fluorescence emission is very weak
and not specific to any particular biomolecule.

To observe molecules under the

microscope with high specificity and useful level of brightness, fluorescent tags need to
be attached to the biomolecules of interest, commonly proteins.

Thousands of

fluorescent probes exist and different binding and labelling modes are employed
(Lakowicz, 2006). The desirable features of fluorescent probes are a small size, high
molecular brightness and good photostability. To visualise two or more molecules at
the same time, probes with different emission spectra are required. There are two broad
classes of fluorophores used in microscopy - fluorescent proteins and synthesised
fluorescent organic tags.

Although they both serve the same purpose, there are

significant differences between them, such as size, production method, brightness and
mode of attachment to the target molecule.
described in the following sections.
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These two groups will be separately

1.3.1 Fluorescent proteins
All fluorescent proteins used in fluorescence microscopy are originally derived
from natural sources. For fluorescence microscopy purposes they are most commonly
fused with proteins of known or unknown function (Hanson and Köhler, 2001).
Fluorescent microscopy has been revolutionised by the use of green fluorescent protein
(GFP), originating from a cnidarian Aequorea Victoria.

It was isolated from the

jellyfish alongside aequorin, another fluorescent protein, and purified by Osamu
Shimomura (Shimomura et al., 1962), who was awarded, together with Martin Chalfie
and Roger Tsien, The Nobel Prize in Chemistry in 2008 (Zimmer, 2009). The native
GFP, termed wtGFP, is a 27 kDa protein composed of 238 amino acids (Prasher et al.,
1992). It adopts an 11-strand β-barrel structure with an α-helix hidden in its interior
(Ormö et al., 1996). The chromophore of GFP is situated halfway through this helix
and comes from Ser65-Tyr66-Gly67 sequence which is post-translationally modified to a
4-(p-hydroxybenzylidene)imidazolidin-5-one attached to the peptide backbone through
the 1- and 2- positions of the ring (Cody et al., 1993). Several residues proved to be
central to the protein folding and chromophore maturation: Gly67, Arg96 and especially
Glu222 (Lemay et al., 2008). wtGFP has two absorption maxima - at 395 nm (major
peak) and 475 nm (minor peak) (Reid and Flynn, 1997). In normal solution, excitation
at 395 nm results in an emission maximum at 508 nm, whereas excitation at 475 nm
gives emission peak at 503 nm.
wtGFP has several disadvantages such as low fluorescent intensity when excited
by blue light, a delay in the maturation of fluorescence after protein synthesis, and
inferior expression in certain mammalian cell types (Stearns, 1995; Zhang et al., 1996).
wtGFP was mutated to produce proteins with improved properties and the proteins were
compared in terms of their extinction coefficients, quantum yields, photobleaching
rates, pH stabilities and temperature-dependent folding efficiencies (Patterson et al.,
1997). Enhanced EGFP (Figure 1.2) is structurally similar to GFP, however, two point
mutations of its chromophore (Figure 1.2B): S65T and F64L (Zhang et al., 1996) make
it more useful for imaging experiments. The absorption spectrum of wtGFP is complex
and has a much higher extinction coefficient at near UV wavelengths and a low
quantum yield (Day and Davidson, 2009). EGFP, with a single excitation peak at 488
nm (Figure 1.2C), is very photostable and 35 times brighter than the wild-type protein,
therefore it is more easily detectable in microscopy experiments (Royant and NoirclercSavoye, 2011). It is better expressed in mammalian cells because it is codon-optimised
and it displays higher folding efficiency at physiological temperatures, which enables its
12
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Figure 1.2 Enhanced green fluorescent protein (EGFP) and its fluorescence spectra.
(A) The crystal structure of EGFP is shown (Royant & Noirclerc-Savoye 2011). The structure is a
11-strand β-barrel (shown in cartoon display in green) with an α-helix placed in its interior. The
chromophore of EGFP is situated halfway through this helix (a molecule shown in a stick format).
(B) The chromophore of the EGFP. It is derived from Thr65-Tyr66-Gly67 which is post-translationally
modified to a 4-(p-hydroxybenzylidene)imidazolidin-5-one attached to the peptide backbone
through the 1- and 2- positions of the ring (Cody et al. 1993). Carbon shown in white, oxygen in
red and nitrogen in blue. (C) Excitation (blue) and emission (red) spectrum of EGFP. Maximum
excitation is at 489 nm and the maximum emission at 510 nm
(www.tsienlab.ucsd.edu/.../REF%20-%20Fluorophore%20Spectra.xls).
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use 16-24 hours post transfection (Day and Davidson, 2009; Zhang et al., 1996).
However, it is not free from drawbacks - it is slightly sensitive to pH and shows weak
tendencies to dimerisation (Day and Davidson, 2009).
To adapt GFP to fluorescence microscopy experiments with multiple colours,
random or site-directed mutagenesis has been performed (Shaner et al., 2005).
Swapping of strategic amino acids in the wtGFP chromophore proximity can give
proteins with different excitation and emission spectra. The examples of the variants
and their excitation/emission maxima are cyan CFP (439/476), yellow EYFP (514/527)
and blue EBFP (383/445) (Day and Davidson, 2009). In addition, new fluorophores
from alternative biological sources have been developed. mCherry was derived from
DsRed, which was isolated from Discosoma sp., a protein with excitation maximum at
587 nm and emission maximum at 610 nm (Shaner et al., 2004). Protein fluorophores
can be used at various pH and have diversified half-time for maturation. Genetically
encoded fluorophores vary in excitation and emission wavelengths, brightness,
photostability, pKa and oligomerisation. A number of laboratories have specialised in
developing new fluorophores based on naturally fluorescent proteins (Shaner et al.,
2005).
Photoactivatable fluorescent proteins include derivatives of mCherry, e.g.
PAmCherry1 (Subach et al., 2010). It is inactive upon irradiation with visible light but
displays red fluorescence after violet light irradiation.

Other red photoactivatable

fluorophores have been reported. Dendra (Gurskaya et al., 2006), EosFP (Wiedenmann
et al., 2004), and tdEosFP are photoconverted from a green form to a red form. An
interesting example of a reversible photo-switchable fluorophore, which is able to
perform multiple alternating cycles of activation from a dark to a fluorescent state and
vice versa, is Dronpa. When the protein is subjected to intense irradiation at 488 nm, it
acquires a dim protonated form, but even weak irradiation at 405 nm brings it back to
the bright deprotonated form (Habuchi et al., 2005).
Fluorescent proteins are introduced to living cells through transfection, typically
of plasmid DNA harbouring the sequence coding for the fluorescent protein fused to the
DNA of the protein of interest (Kim and Eberwine, 2010). This fused foreign gene is
translated in the cells into functional proteins. To achieve high resolution the proteins
need to be expressed at high levels, which can result in overexpression artefacts (Shim
et al., 2012). Another disadvantage is that proteins studied through this method are not
native to the cell. In order to study proteins native to the cell, the other class of tags
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needs to be employed - organic fluorescent probes, which will be described in the next
section.
1.3.2 Small-molecule fluorophores and fluorescent probes
Small organic molecules that are able to emit fluorescence upon being excited
by light play a pivotal role in fluorescence microscopy. Those compounds were the first
fluorescent molecules applied in biological research and, just like fluorescent proteins,
they commonly originate from nature. Nicolas Monardes from Spain was the first
person to describe observation of fluorescence (Valeur and Berberan-Santos, 2012). In
1565 he reported the blue colour of an infusion of a wood called Lignum Nephriticum,
the molecule responsible for that later turned out to be matlaline (Acuña et al., 2009).
The first described fluorescent molecule was quinine sulfate reported by Sir John
Herschel, who observed that it emitted blue fluorescence when shone upon with
ultraviolet light (Terai and Nagano, 2013).

Quinine sulfate is a salt of quinine

originating from Cinchona bark (Wachtel-Galor and Benzie, 2011). One of the earliest
dyes, fluorescein, was synthesised in 1871 by Adolf von Baeyer and is still frequently
used in fluorescence microscopy (Lavis and Raines, 2014).

Another historically

valuable class of heterocycles are rhodamines, still popular today, and were among the
first fluorescent molecules to be adopted as laser dyes (Valeur and Berberan-Santos,
2012).
Synthetic fluorescent dyes are characterised by aromaticity and conjugation both involve π-bonding (Figure 1.3).

Desirable features are a high extinction

coefficient, photostability, high fluorescence quantum yield, water-solubility and special
functional groups for attachment (Tully and O’Kennedy, 2014). The molar extinction
coefficient is a measure of the ability of a substance to absorb light at a specified
wavelength. Photostability is mostly connected with the resistance to photobleaching,
which irreversibly destroys the fluorophore.

Reactive oxygen species irreversibly

damage fluorophores by breaking chemical bonds within the chromophore but this
process can be impeded through the use of antiphotobleaching reagents such as DABCO
or NPG (Takizawa and Robinson, 2000). The quantum yield of a fluorophore describes
the efficiency of conversion of absorbed light into emitted light (Würth et al., 2013), in
other words it is the ratio between the number of photons absorbed by S0 to the number
of photons emitted by S1 (Wardle, 2009).

A higher quantum yield gives more

fluorescence intensity and also means that other competing photochemical processes
connected with intersystem crossing are less likely (Lichtman and Conchello, 2005).
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Figure 1.3 Synthetic fluorophores and their spectra. Structures and absorption and emission
spectrum of (A) Cyanine, Cy5 (B) Rhodamine, Texas Red (C) Carbopyridine, ATTO 647N
(D) Oxazine, Oxazine1, (E) Quantum dot with: layers from inside to the outside: CdSe core
(centre), ZnS shell, and polymer coating . The quantum dot is attached to antibodies (Y shaped
structures) via amide bonds. A typical spectrum of a quantum dot is shown at the bottom right,
with a broad excitation spectrum and narrow emission spectrum.
All spectra from http://www.spectra.arizona.edu).
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Water-solubility is desirable because most of the coupling reactions take place in the
aqueous solvents and aggregation must be avoided as well as nonspecific binding.
Furthermore once coupled it is important that the labelled moiety remains water soluble.
Since their initial discovery, organic chemists have generated a diverse library of
fluorescent probes with varying photophysical properties and an array of
functionalisation for labelling a vast repertoire of biological targets. These synthetic
fluorophores have a number of advantages over expressed fluorophores. They have
small sizes (1 nm or less). They often display better photostability and therefore a
higher fluorescence quantum yield (Baker, 2011). High photon yield gives higher
localisation precision and better optical resolution.

Fluorophores emitting in the

relatively long-wavelength range are especially sought after in order to diminish
background emission from biological systems, which primarily is in the shortwavelength range (Arden-Jacob et al., 2001; Xiao et al., 2005). Since π-bonds are
weaker than σ-bonds, due to electron densities being at further distance from the
nucleus and also because their parallel orientation which makes the electrons less
strongly bound, less energy is needed for the electrons in the ground state to be excited.
Because dyes for fluorescent microscopy emit in the visible region, the difference in
energy between HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) has to match the energy of light 400-740 nm wavelength.
The molecular environment like pH, properties of the solvent and the type of bonding
with target molecules also change the fluorescence properties. Computational methods,
in particular density functional theory (DFT) can estimate the energy levels in the
molecules and investigate good overlap between electron orbitals of ground and first
excited states, which is desired for fluorescence microscopy. These theoretical methods
help in the rational design of new fluorescent molecules (Ji et al., 2009) and
investigation of properties of existing ones depending on experimental conditions
(Biancardi et al., 2013). For example the effect of the solvent can be calculated, such
investigations were carried out to predict spectra of oxazine dyes and to compare the
predictions with the experimental spectra (Fleming et al., 2011).
Exploiting of optical properties of cyanine fluorescent dyes (an example of Cy5
with its structure and absorption and emission spectrum is shown in Figure 1.3A) first
began with investigations of membrane potential, where cyanine dyes (such as diSC3(5) or diO-C5-(3)) served as optical probes to measure membrane potential of a squid
axon (Sims et al., 1974; Waggoner, 1979). Cyanines are popular dyes, which owe their
fluorescence to conjugated methine groups joining two aromatic, cationic, nitrogen17

containing rings (Hermanson 2013). One of the rings has a positively charged nitrogen.
The rings can be of various sizes, fused ring systems are also encountered. Their
general formula is: X-(CH=CH)n-CH=Y. The absorption and emission spectra depend
hugely on the length of the polymethine chain, the longer the chain, the more absorption
and emission spectra are shifted to the right. Each additional n in the link shifts the
spectra by ~100 nm, e.g. Cy5 absorbs at 647 nm and emits at 665 nm, while Cy7 at 753
nm and 775 nm. The substituents additionally influence spectral properties. These
fluorophores are characterised by unusually high extinction coefficients, different
derivatives cover most of the visible spectrum (Mujumdar et al., 1993) but have low
quantum yields (Klehs et al., 2014).
Rhodamines are based on xanthene structure and are therefore similar to
fluorescein and eosin dyes (Beija et al., 2009). They are functionalised with the amine
groups at the first and third ring of the fused ring structure and the distribution of πelectrons requires one of the nitrogens to be positively charged. They are characterised
by excellent photostability and desirable photophysical properties (Drexhage, 1976).
Because they are structurally rigid, they also display high quantum yields, which means
they are characterised by excellent brightness (Sauer et al., 2011). They can be made
more water-soluble by addition of sulfonate groups, which results in less pronounced
hydrophobic interactions leading to the formation of dye aggregates (Kolmakov et al.,
2010a). Rhodamines display a small Stokes shift of 20-30 nm. The transition moment
or the major long-wavelength absorption is parallel to the long axis of the molecule,
although certain transitions at the shorter wavelength are oriented perpendicular to this
axis (Sauer et al., 2011). Since the orientation of the absorption and emission dipole
moment is similar, the absorption maximum is only slightly dependent on the polarity
of the solvent. Although at higher wavelengths the fluorescence efficiency usually
decreases due to the small differences between S0 and S1 states, red-emitting
rhodamines with good photostability, high fluorescence quantum yields of up to 80%
and long excited state lifetimes were reported (Kolmakov et al., 2010b). As can be seen
in Figure 1.3B, showing the structure and absorption/emission spectrum of Texas Red
(a member of the rhodamine family), the structure of rhodamines is rigid because of the
oxygen bridge joining two phenyl groups. However, despite the fact that the bridge is a
good insulator of π electrons, they can still go through it. To prevent this, oxygen atoms
in rhodamine derivatives can be exchanged for a tetrahedral carbon atom resulting in a
carbopyronine molecule (Sauer et al., 2011). Interesting examples of carbopyridines,
whose absorption maxima were shifted to longer wavelengths, absorbing at 633/635 nm
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and emitting at around 660 nm were reported (Kolmakov et al., 2010a).

The

carbopyronine Atto 647N, whose structure and absorption/emission spectrum is
presented in Figure 1.3C, is a very photostable dye and has been applied in advanced
fluorescence microscopy (Westphal et al., 2008). The dye has some disadvantages
though, because of its low polarity it can attach to microscope slides and microcapillary
injection tubes (Kolmakov et al., 2010b). It is also lipophilic and has an affinity for
mitochondria, therefore producing large background staining in cells (Hell et al., 2013).
When coupled to an antibody it sometimes shows a strong increase in the intensity of
the second absorption peak at approximately 605 nm, while irradiation at this
wavelength does not give any emission (Kolmakov et al., 2010a).
Oxazines are structurally similar compounds to rhodamines, however, their
central carbon atom is replaced by nitrogen, which results in a wavelength shift of
approximately 80-100 nm to the red region (Nolting et al., 2012). Oxazine dyes can
also be seen as molecules built on the p-benzoquinone diimine scaffold (Fleming et al.,
2011). Oxazines have been valued for their fluorescent properties - cresyl violet and
Nile blue are examples of well-examined laser dyes and histological markers, which
display high fluorescence quantum yields and superb photostability in organic solvents
(Lee et al., 2013). A series of ATTO dyes (655, 680, and 700) make up a new
generation of oxazines, applicable to fluorescence microscopy due to their increased
water solubility and reactive functional groups for coupling. Their absorption maxima
fall between 650 and 700 nm and they display 0.17-0.23 fluorescence quantum yields in
aqueous environments. In the presence of reducing agents, they are able to enter
efficient photoswitching cycles (Lee et al., 2013). Oxazine 1 (Figure 1.3D shows an
example of Oxazine 1 with its spectrum) displays a superb linear correlation between
the polarisability of the surrounding solvent and the spectral properties of the
fluorophore, so it can be considered as a good indicator to measure solvent polarisability
(Ghanadzadeh et al., 2009).
New hybrid fluorophores are also emerging resulting from the combination of
fragments of traditional fluorescent dyes.

In most cases, these novel compounds

possess asymmetric structures and share the features of both (symmetric) ancestors. For
example, carborhodol is made of fluorescein and carbopyronine cores (Sednev et al.,
2013). This example is superior to the original dyes, e.g. due to the larger Stokes shift
as compared to parent dyes, it can be successfully used in two-colour imaging schemes
(Sednev, 2015). Another example of a fluorophore combining the desired features of its
precursors while eliminating the unwanted properties is Pennsylvania Green (Mottram
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et al., 2006). Designed to be hydrophobic to serve as a cellular membrane probe, it
combines features of Oregon Green, i.e. pH-insensitivity and photostability, while the
hydrophobicity is achieved thanks to the Tokyo Green component. Small organic dyes
can also be used to supplement the detected fluorescence of fluorophores of different
origin; a good example of this technique is the use of EGFP together with fluorescencebooster ATTO 488 resulting in increased fluorescence intensity in the green spectral
region (Guizetti et al., 2011).
Another synthetic approach to fluorescent species are quantum dots, whose
design is presented in Figure 1.3E, left.

These constructs are almost spherical

semiconductor particles of 2–10 nm in diameter, composed of approximately 200–
10,000 atoms (Smith et al., 2008). They work differently than classical fluorophores
(Deerinck, 2008). The fluorescence does not occur because of an electron moving
between the energy levels of the valence molecular orbitals. Instead, the electron is
moved from the bulk valence band of the semiconductor material through an energy
gap. This electron, a conduction electron, leaves behind a hole and this electron-hole
pair is known as an exciton. During the recombination of the electron and a hole, a
photon is emitted. The energy band gap depends on the size of the crystal, which is
connected to the energy of the emitted photon and therefore its colour. The smaller the
crystal, the bigger the energy bandgap and the shorter the wavelength of the emitted
photon. The most common material used to form a quantum dot is a combination of
cadmium, selenium, zinc and sulfur (CdSe/ZnS).

For attachment to biological

molecules, the outer polymer shell of the quantum dot is functionalised and used as a
linker. This layer in turn also makes the quantum dot more water soluble. Advantages
of quantum dots are a high fluorescence quantum yield and resistance to oxygenmediated photobleaching. They are characterised by large Stokes shifts (spectrum
shown Figure 1.3E, right), so different quantum dots can be excited by a single UV
light, making them excellent for multicolour imaging (Jaiswal et al., 2002). Compared
to organic dyes, for example rhodamine, quantum dots displayed 20 times higher
brightness, they were 100 times more resistant to photobleaching, one-third as wide in
their spectral linewidth and showed good water-solubility (Chan, 1998). Quantum dots
are not free from drawbacks, as compared to fluorescent proteins and small organic
fluorophores. Their large sizes (Grinolds et al., 2015) can interfere with the reactivity
of the target (Toseland, 2013). They may be toxic to the cell, the elements such as
cadmium, which is present in many of quantum dots, is known to be cytotoxic (ReschGenger et al., 2008). The major problem with their fluorescence is their blinking
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(Mahler et al., 2008). Despite these problems quantum dots have been used to study
important cellular phenomena including their application to the study of kiss-and-run
exocytosis, where the approach was developed to fill vesicles with single quantum dots
(Zhang et al., 2009).

1.4 Labelling of biological samples
Proteins are all composed of the same repeating units, taken from a pool of 20
amino acids, based on carbon, hydrogen, oxygen and nitrogen, some contain sulfur.
Due to this limited repertoire of chemical groups, synthetic fluorophores cannot be
directly attached to native cellular structures, because their binding to cellular
components would lack specificity. For a coupling reaction to occur, fluorophores need
to possess a functional group to attach to the reactive parts of the target molecule and
this group must be suitable for a mild covalent coupling reaction. For example, an
NHS-ester group (described in detail in section 1.4.1.) preferentially reacts with primary
amines under normal physiological conditions. The difficulty is that in the cell, there
are a great number of molecules containing primary amines, and often many of these
groups are present within a single molecule. For example, human haemoglobin (Xu et
al., 2006), contains 44 lysine amino acids, each with one aliphatic amino group. As
there are millions of individual proteins in a cell, the number of potential attachment
sites for a dye is enormous. However, there is a popular way to attach fluorophores
selectively only to a target of interest. Rather than introducing fluorophores to react
directly to the cell, they are coupled with purified biological structures able to recognise
biomolecules of interest. Molecular recognition between two biomolecules is essential
for carrying out and control of specific and complex biological processes and this
phenomenon was exploited in fluorescent labelling (Kastritis and Bonvin, 2013).
1.4.1 Dye conjugation to biological material through reactive species
For coupling with reactive parts of biomolecules, highly water soluble
hydrophilic fluorophores are desirable equipped with small rigid linkers harbouring
reactive functional groups (Sauer et al., 2011). The most common biological targets are
molecules containing primary amine groups, e.g. amino acids containing lysine. The
reactions with those groups are fast and high yielding and amide or secondary amine
bonds are formed. Functionalised fluorophores reacting with the amine groups are
acylating agents coupling to form carboxamides, sulfonamides or thioureas. The most
important factors influencing amine reactivity are class and basicity. To exist in a free21

base form, amines need to be in an environment of pH 8.5-9.5 (Sauer et al., 2011),
however, the reaction can be impeded by the tendencing for acylating agents to degrade
in water with increasing pH. The amino group at the terminus has a lower pKa value
and exists in this form at a pH of around 7.0. This differential pKa can allow selective
labelling of the amino terminus over the side chain primary amine groups (Sauer et al.,
2011).

Aromatic amines are not reactive because they are weak bases and are

deprotonated at pH 4.0-7.0. Functionalised fluorophores do not react with amines in the
protein backbone, nor amines of glutamine and aspargine, nor side chains of arginine
and histidine. The most common amine-reactive group with which the fluorophores are
functionalised is the N-hydroxysuccinimide (NHS) ester group. In proteins it targets the
α-amine at the N-terminus, and the ε-amine on the lysine side chains with the selectivity
of these reactions being pH dependent. No stable conjugated species between NHS
esters and thiols or hydroxyl groups are formed. Sulfo-NHS esters can also be used,
they are more water-soluble than standard NHS esters and react fast with amines on
proteins with the same specificity and reactivity. They also undergo slower hydrolysis
in aqueous solvents. The same advantage is displayed by tetrafluorophenyls (TFP).
Isothiocyanates can also be used to react with amine groups on antibodies but they also
react with thiols and phenolate ions found on tyrosine side chains, however, the stable
products are formed only with primary amines (Sauer et al., 2011). Isothiocyanate
reactions best proceed at pH 9.0, when the target amine groups are mostly not
protonated.

However, isothiocyanates are quite unstable in aqueous solutions.

Isocyanates can be used as an alternative but their complexes also suffer from decreased
stability. Sulfonamide linkers are made in a reaction of the sulfonyl chloride with a
primary amine, best at pH 9.0-10.0. The reaction can proceed in organic solvents. Also
reactions between amines and fluorophores functionalised with acyl azides, aldehydes
and epoxides can occur but the products are less stable and specific to primary amines.
Thiol-containing biomolecules also provide a good target for specific labelling
and are the second most commonly targeted functional groups. In cells this group is
primarily found in proteins and in low-molecular-mass metabolites like the highly
abundant, important antioxidant glutathione (Hansen et al., 2009). Two thiol groups can
undergo oxidation to form a disulfide bond, disulfides are mainly found in proteins,
glutathione disulfide, or hybrid disulfides made of a protein and glutathione. Thiol
groups can be reversibly oxidised by reactive oxygen species to form nitrosothiols or
sulfenic acids (Hansen et al., 2009).
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In proteins, thiol-containing amino acids are cysteines and they are much less
common than lysines. The most common functional groups reacting with thiols are
maleimides, iodoacetamides and aziridines. The reactions are fast and can occur at or
below room temperature and pH 6.5-8.0 to produce chemically stable compounds.
Since reactions below pH 7 are successful, it can be pH controlled for sequential
reactions involving double labelling. In the reaction of thiols with maleimides, the
double bond undergoes an alkylation reaction to make a stable thioether bond. The
reaction at pH 7 is 1000 faster than that with the amines. Linkers are usually long and
flexible, which can be undesirable because quenching with aromatic amino acids might
be observed. Reactions with iodoacetamides to form thioethers are used but are not as
selective and, depending on pH, they can react with many functional groups of
biomolecules (Sauer et al., 2011).
A group of protein-like tags has been created and although these constructs are
not fluorescent themselves, they have a high affinity for irreversible binding with
fluorophores carrying special linkers. This selective and strong binding is achieved
through the design of catalytic pockets in the protein part and optimally designed linkers
with attached fluorophores. These labelling methods include FlAsH (Griffin et al.,
1998), where the biarsenical labelling reagent displays fluorescence when it attaches to
recombinant proteins containing the tetracysteine motif Cys-Cys-Pro-Gly-Cys-Cys.
Another example are enzyme-based tags Snap-tag (Keppler et al., 2002; Klein et
al., 2011), HaloTag utilising modified bacterial haloalkane dehalogenase (Los et al.,
2008), electrophilic ligand–receptor pairs like trimethoprim (TMP) tag (Wombacher et
al., 2010) and coumarin–photoactive yellow protein (Hori et al., 2009) as well as
PRIME - an engineered fluorophore ligase method (Uttamapinant et al., 2010). The
advantages of these approaches are that a range of fluorescent dyes are available,
including near-infrared probes (Hori et al., 2009).

There are issues with these

approaches due to the fact that the free fluorescent probes have to be washed out from
cells as the fluorescence could come from bound and unbound probes. There is also a
problem with toxicity of some of these approaches in live cells, especially with arsenical
compounds (Yano and Matsuzaki, 2009).
1.4.2 Using biological intermediates for detection
As mentioned in section 1.2, the vast majority of molecular targets of interest
cannot be inherently discriminated in cells due to their transparency.

In order to

visualise specific targets, it is necessary to flag the targets with fluorophores. This can
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be obtained through specific fluorophore-carrying biological intermediates, with a high
affinity and high selectivity towards their targets. Nowadays typically affinities in the
nanomolar range are obtained (Björkelund et al., 2011) but even femtomolar binding
constants have been reported (Boder et al., 2000).

Biological structures able to

recognise biomolecules of interest come in a variety of different forms (Figure 1.4).
They can be raised against great abundance of molecular targets. Their production can
be achieved at low cost, requires a small amount of immunogen and they can be
produced within a short time (Redkar and Litvin, 2000). At the same time, these
intermediates need to display low non-specific binding. The labelling reactions should
be characterised by fast rates and the samples should be easy to produce and purify.
Their purification methods have been well established and include affinity
chromatography,
chromatography,

ion-exchange
differential

chromatography,

precipitation,

hydrophobic

solid-phase

binding,

interaction
multimodal

chromatography, aqueous two phase systems or membrane chromatography, antigenspecific affinity (Arora, 2013; Walker, 2002). These biological intermediates contain an
abundance of reactive sites to which the fluorophores can attach through appropriate
linkers, as was described in section 1.4.1. The affinities can be influenced by factors
such as pH, temperature and buffer composition, however, these have been thoroughly
investigated and optimal conditions can be assured. Immunostaining protocols have
been developed for decades, labelling can be done directly to probe the specific antigen
and is fast and easy. Examples of such biological intermediates are protein based
antibodies and nanobodies and nucleic acid based aptamers.
1.4.2.1 Antibodies
Antibodies are complex proteins produced by vertebrates (Alberts et al., 2002)
that are part of an organism's molecular defence system. They identify and neutralise
bacteria, viruses and other foreign objects (Ahmad et al., 2012). These biomolecules,
also known as immunoglobulins, can recognise specific pathogens and bind to them by
the antigen-binding sites, paratopes, which are specific to the antigen's epitope
(Schroeder and Cavacini, 2010). These proteins are made of two heavy and two light
chains. There are five classes, each with different isotypes: IgM, IgG (Figure 1.4A),
IgA, IgD, and IgE. They are composed of variable domains (paratopes, Figure 1.4B
shown with red arrow), which bind antigens and constant domains, which contain the
effector function.

The variable regions arise via a complicated series of gene

rearrangement in individual B cells. After encountering an antigen, antibodies can be
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Figure 1.4 Biologically derived labelling components. (A) IgG antibody. Crystal structure of
the intact human IgG B12 with broad and potent activity against primary HIV-1 isolates (Saphire,
2001). The heavy chain is shown in blue while the light chain shown in green. (B) Fab fragment
of the IgG antibody. The paratope is shown with a red arrow. (C) Anti-EGFP nanobody structure
(Kubala et al., 2010). (D) X-ray structure of the complex between human alpha thrombin (red) and
thrombin binding aptamer (orange) (Russo Krauss et al., 2012).
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later subjected to somatic hypermutation to permit affinity maturation (Berek and
Ziegner, 1993). Cell lines are used to produce monoclonal antibodies, while polyclonal
antibodies are extracted from animal serum (Marx, 2013). Animals are vaccinated with
an immunogen and produce antibodies in reaction to this substance.

Rather than

collecting antibodies from animal sera, alternative methods have also been proposed
such as extracting antibodies from eggs laid by immunised hens (Schade et al., 2005) or
use of transgenic plants (Fletcher, 2001; Rodríguez et al., 2013; Smith, 1996).
The structure and function of immunoglobulins has been well described in the
literature and detailed schematic representations of antibodies are available (Schroeder
and Cavacini, 2010). They are heterodimers, which consist of two heavy (H) chains and
two light (L) chains. Each chain has one NH2-terminal variable (V) domain and one or
more COOH-terminal constant (C) domains.

Each domain is formed of two

sandwiched β-pleated sheets joined together by a disulfide bridge between two
conserved cysteine residues. Every V or C domain is made of approximately 110-130
amino acids, this equals to 12,000-13,000 kDa. The whole IgG antibody (the structure
shown in Figure 1.4A) is around 150 kDa and ~10 nm in size. Every variable domain
consists of three regions of sequence variability, also called complementaritydetermining regions (CDRs) and four regions of so-called framework regions with the
constant sequence. The antigen-binding site is formed by pairing of three CDRs of the
heavy chain with three CDRs of the light chain. It is possible to swap the constant
domains of the heavy chain while maintaining the functionality of the paratope.
Antibodies can be fragmented and their smaller parts used for labelling. This is
achieved by proteolytic digestion. Digestion with papain produces two antigen-binding
(Fab) fragments and one Fc fragment, each of approximately 50 kDa (Figure 1.4
B)(Porter, 1959). Digestion with pepsin produces one F(ab')2 fragment and one pFc'
fragment (Jones and Landon, 2003). Both the Fab (Hosny et al., 2013) and F(ab')2
(Hamel et al., 2014) fragments have been successfully employed in detection of proteins
in cells in fluorescent microscopy.

The Fv fragment is the smallest part of an

immunoglobulin molecule which can bind the antigen.

Single chain Fv (scFv)

fragments of approximately 30 kDa are composed of two antibody fragments, VH and
VL domains, joined by a flexible linker. This completely functional antigen-binding
fragment can be produced in many systems (Ahmad et al., 2012).

These scFv

fragmented antibody genes can be obtained through recombinant DNA technology and
antibody engineering and can be cloned and expressed in bacteria, mammalian, yeast,
plant, and insect cells (Ahmad et al., 2012). The expression in bacteria can be achieved
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through utilisation of an amino acid linker joining both Fv chains and carrying out the
process in periplasm, where the oxidising environment enables disulphide bonds to be
formed (Skerra and Pluckthun, 1988), however, its bacterial expression results in low
yields (Hassanzadeh-Ghassabeh et al., 2013).
For decades scientists have taken advantage of the remarkable variability of
antibodies in research, diagnostics and therapy (Abell and Denney, 1985; Bradbury and
Pluckthun, 2015).

They play a major role in immunohistochemistry (Saper and

Sawchenko, 2003) and immunocytochemistry (Burry, 2011), where specially raised
antibodies bind to specific targets in tissues and cells. Immunohistochemistry is widely
employed in fluorescence microscopy where target-specific antibodies recognise
biomolecules within the cells.

Visualisation is made possible, because prior to

introduction in the cell, the purified antibodies are coupled with fluorophores. Typically
antibodies carry a variable number of fluorescent molecules per unit with the number
maximised to provide a strong signal (Vira et al., 2010). In direct immunofluorescence
the antibody recognising the target for visualisation, also called a primary antibody,
might carry fluorophores directly bound to it (Pástor and Dávila, 2010). More popular
is indirect immunofluorescence, which is a simple and widely used method involving
two antibodies, a primary and a secondary one, where the first antibody recognises the
epitope of a protein, while the second one binds to the primary antibody (Allan, 2000).
As previously mentioned (section 1.4.1), organic fluorophores are commonly
linked to their biological target molecule through amine, thiol or carboxyl groups.
Amino acids with amino and carboxyl side chains are common in antibodies.
Cysteines, which are thiol-functionalised, are relatively rare, and when they are present,
they are joined together forming disulfide bridges, thus being responsible for the
proteins tertiary structure (Sokolowska et al., 2012). For example, each IgG antibody
incorporates a total of twelve intra-chain disulfide bonds and two disulfide bonds
linking a heavy and a light chain, one in each domain (Liu and May, 2012). There are
also from two to eleven disulfide bonds between heavy chains in the hinge region, this
depends on the subclass of the antibody. The disulfide bonds and splitting the antibody
into heavy and light chains, can be achieved with mild reducing agents, e.g. MEA
(Edelman, 1959). After the reduction, free thiols can be engaged in reactions with
suitable reactive groups. Although the classically accepted model of IgG does not have
any free cysteines, recent research shows that free sulfhydryls have been found in all
subclasses of IgG antibodies. Moreover, disulfide bridges are susceptible to chemical
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modifications, which can result in more structural variants such as IgG antibodies
containing trisulfide bonds or thioether linkages (Liu and May, 2012).
In spite of being widely used in immunostaining, antibodies also have
significant drawbacks which limit their use. First, established routes require an animal
host for production which makes it impossible to raise the antibodies against toxins
lethal to the host organism (Jayasena, 1999). Second, optimising them in the biological
systems poses a challenge and there is significant variability between batches (Marx,
2013). Moreover, because the antibodies are indiscriminately labelled with multiple
fluorophores, their binding sites might be altered and affinities for target binding
reduced (Vira et al., 2010). In addition conjugation to the dye can affect the fluorophore
spectral properties itself. It was observed that conjugation of different dyes to the same
kind of antibody influences the fluorescence of the dye, depending on the nature of the
dye. For example, studies showed that while Cy3- and Cy3.5- labelled antibodies
fluoresced very well, Cy5- and Cy7-labeled ones were only weakly fluorescent. As
with most proteins in vitro, they are also not very stable during long storage times and
are temperature-sensitive. Moreover, antibody-based assays are frequently unsuccessful
without any apparent cause, therefore scientists frequently return purchased antibodies
to their supplier and some experiments are also compromised due to non-specific
binding (Buchwalow et al., 2011; Marx, 2013). Overall, IgG antibodies are extremely
important structures that have revolutionised biological research and play an important
part in the fluorescence microscopy.

Recently though new types of biomolecules

started to be utilised in this field, which will be described in the next sections.
1.4.2.2 Nanobodies
Nanobodies are the functional parts of heavy-chain only antibodies (HCAbs)
present in camelids and cartilaginous fish. The entire heavy-chain antibody is around
50 kDa (Fridy et al., 2014). A camelid HCAb is made of three domains: an N-terminal
domain with variable sequence (VHH), and a hinge region and two constant domains
(Hassanzadeh-Ghassabeh et al., 2013). The VHH domain is also commonly called a
nanobody (crystal structure of a nanobody is shown in Figure 1.4C (Kubala et al.,
2010)). Nanobodies are typically ~13 kDa (1.5 nm × 2.5 nm), much smaller than a Fab
fragment of IgG and can also be expressed through recombinant means. The typical
route to obtain a nanobody starts with immunisation of a camelid or cartilaginous fish
with an immunogen. Within several weeks of immunisation the animals are boosted.
The procedure requires 2–6 boosters within 3–6 months (Siontorou, 2013). Peripheral
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blood mononuclear cells are isolated and mRNA is extracted, followed by preparation
of a cDNA library in phage display vectors and transformation in bacteria to create a
nanobody library. The resulting phage library is then screened for its ability to bind the
immunogen in vitro and positive clones are sequenced and expressed in bacteria to
produce nanobodies for further study.
Nanobodies have been used in a variety of applications both in vitro and in vivo.
Due to their small sizes, almost all antigens in a cell can be labelled with nanobodies,
while in dense samples antibodies could not fit into the available space. They can be
used as crystallisation chaperones to permit the determination of structures of
challenging proteins (Tereshko et al., 2008).

Size also allows them more rapid

penetration of tissues and they can quickly pass the renal filter, enabling their rapid
blood clearance (Harmsen and De Haard, 2007).

This is advantageous when the

nanobodies are coupled to toxic substances for tumour targeting, neutralisation of snake
venom (Harrison et al., 2006) and in vivo diagnosis through imaging. They show
smaller immunotoxicity and work over a wider range of temperatures and pH. In use
for therapeutics, they are more suitable to be delivered orally than standard antibodies.
The disadvantage is that they have a short half time of just a few hours and therefore are
not optimal for other therapeutic applications such as treatment of inflammatory of
infectious diseases (Cortez-Retamozo et al., 2002; Harmsen et al., 2005).
Nanobodies have been used in single-molecule localization microscopy
(SMLM) to elucidate the dynamics and nanoscale organisation of a set of synaptic
adhesion molecules and showed that these proteins are diffusionally trapped at
synapses, forming apposed trans-synaptic adhesive structures (Chamma et al., 2016).
Nanobodies were also used in spectral-demixing direct stochastic optical reconstruction
microscopy (SD-dSTORM) in experiments involving microtubules (Platonova et al.,
2015) and to study the nuclear pore complex (Pleiner et al., 2015).
1.4.2.3 Aptamers
Antibodies and nanobodies are both examples of protein-based detection
molecules. However, researchers have also adapted another major class of biological
molecules, nucleic acids, for use as detection tool. Aptamers (Figure 1.4D shows a
thrombin-binding aptamer (Russo Krauss et al., 2012)) are small RNA or DNA
molecules whose secondary and tertiary structures are able to bind specifically to
proteins and other biological targets (Ni et al., 2011). The word "aptamer" comes from
the Latin "aptus" meaning "to fit" and "merus", meaning "a particle" (Ellington and
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Szostak, 1990). They are selected through the SELEX method (Systematic Evolution of
Ligands by EXponential enrichment) (Tuerk and Gold, 1990). In this process, a large
library of oligonucleotides of certain length is randomly created and the structures
binding to a target of interest are selected by affinity chromatography. The desired
oligonucleotides are then amplified by PCR.
Although similar binding efficiencies for both antibodies and aptamers have
been reported, aptamers have several advantages. They are synthesised in vitro, so there
is a very small variability between batches (Famulok and Mayer, 2014). As they are
produced without the requirement for animals they can be developed against any
protein, including the toxic ones. There are also some drawbacks. In living cells, they
can be destroyed by nucleases.

Also, because they are composed of only four

nucleotides (while antibodies are made of 20 amino acids), this limits molecular
variability compared to antibodies and nanobodies. That last problem can be solved
using peptide aptamers, also called affimers (Woodman et al., 2005), which are
engineered small, highly stable proteins reported to bind with high specificity and
affinity to a range of target molecules. They are not antibodies but they work similarly,
mimicking the molecular recognition.

They are highly stable and typically have

nanomolar affinities for binding their targets (Sharma et al., 2016).

1.5 Beyond the diffraction limit
Many biological processes take place on a very small scale. The size of an
average animal cell is 10-20 µm in diameter (Guertin and Sabatini, 2006). The average
human is made of 20–30 trillion cells, of ~200 different kinds. The most abundant
macromolecules in animal cells are proteins. Their weight constitutes up to 18% of the
overall mammalian cell weight. The human body contains over 30,000 different types
of proteins (Grace, 2006). Proteins in cells are densely packed, e.g. there are 3–4
million proteins per E. Coli cell, while an average yeast cell contains on average 100–
150 million proteins (Milo, 2013). Even one of the largest proteins, titin, is only ~1 µm
in length (Nave, 1989), while most of the proteins are of much smaller sizes. Therefore,
the cellular mechanisms also proceed on a very small scale.

For example, 80S

eukaryotic-type ribosomes, “factories” of proteins in cells, are around 25–30 nm in size
(Gupta et al., 2014). The process of exocytosis, which is characteristic for eukaryotic
cells (Coorssen and Zorec, 2012), and involves the release of substances from the inside
to the outside of the cell, utilises vesicles that have diameter of about 40 nm (Südhof et
al., 2011). The proteins that enable docking of the vesicles to the plasma membrane, are
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even smaller. Proteins participate in virtually all mechanisms crucial for life, therefore
precise studies of these structures are essential to answer important answers in
molecular biology. Researchers carrying out investigations on such a small scale,
encounter significant difficulties not only due to the nature of observed specimens but
also the fundamental properties of light. An important obstacle is the diffraction limit
of light. What it is and what approaches have been developed to circumvent it will be
described in this section.
1.5.1 Defining the limit of optical resolution
In 1873, Abbe discovered that it was not possible to distinguish objects
separated from each other by less than about half of the wavelength of light (Figure
1.5A)(Klar et al., 2001). Any point source of light which is smaller than the diffraction
limit appears as an Airy disk pattern also described as the point-spread function (PSF)
(Henriques et al., 2011). Abbe described the Airy disk size with the formula:

Resolution limit (Abbe) x,y =

#
,-.

(1.5)

Where λ is a wavelength of observed light and NA is the numerical aperture. Numerical
aperture is the key characteristic determining the ability of the objective lens to collect
light emitted from the object and resolve the specimen’s structure (Kubitscheck, 2013).
The maximum angle under which the light emitted from the specimen can be collected
determines the total amount of light forming the final image. The total opening angle,
shown in Figure 1.5B is also described as angular aperture. A sine of a half of this
angle (α) multiplied by the refractive index (n) of the medium between lens and
specimen gives the dimensionless value of the numerical aperture.
NA = n sinα

(1.6)

The dependence of both the light wavelength and aperture is shown in Figure
1.5C.

As the aperture in a lens decreases, diffraction increases and the same

dependence can be noticed with the increasing wavelength of light. The resolution
criteria were later refined by other scientists (Rayleigh limit, Sparrow limit)(Nayyar and
Verma, 1978). This means that the resolution of conventional light microscopy is
restricted to about 200 nm in the lateral plane and 500 nm in the axial one (Ding et al.,
2011). Specimens within 200 nm or less from one another cannot be resolved, as the
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Figure 1.5 The limit of resolution of optical microscopy. (A) The top images show the
appearance of an object which is <200 nm in size in the form of Airy discs, the pattern is produced
by light diffracted when passing through a small circular aperture. The central brightest circular
region is shown in the most intense red. The central disk is surrounded by concentric rings of
lower intensity, the light intensity is at local maxima and mimina while decreasing away from the
center. When two objects are placed closer and closer together and reach the resolution limit of
~λ/2 in the xy plane, the objects cannot be resolved. (B) Angular aperture of an objective. F is the
focus and α describes half of the angular aperture. (C) A graph showing the influence of the light
wavelength on the resolution limit using different numerical apertures: 1.00 (blue), 1.20 (red), 1.45
(purple). (D) A scale with biological entities and the diffraction limit (dotted line). Structures on the
right are not resolvable by standard fluorescence microscopy.
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multiple signals overlap and it is impossible to establish the number of specimens from
which the light was collected.
Diffraction limited microscopy is still sufficient for studying bulk organisation
of proteins and other biomolecules (Fernández-Suárez and Ting, 2008). For imaging
entities smaller than 200 nm, more elaborate techniques need to be applied. Confocal
microscopes can produce the images with extended lateral resolution if the pinhole is
smaller than the Airy disks (Wilson 1995). The problem with this approach is that a
pinhole this small removes a large portion of the out-of-focus light but also the desired
in-focus one. The 4Pi technique improved axial resolution of the light microscope by
aligning two opposing objective lenses in the optical path (Schmidt et al., 2013). This
effectively doubled the numerical aperture and significantly reduced the point spread
function in the optical axis. To surpass the diffraction limit imposed by the nature of
light, techniques using electromagnetic radiation of shorter wavelength have been
developed (X ray, electron microscope), or light microscopy can be used with the
approaches allowing to bypass the diffraction limit in optical microscopy.
1.5.2 Electron microscopy
Electron microscope uses a beam of electrons directed on a sample. Because the
wavelength of the electrons is 100,000 shorter than that of photons in the visible light
region, the resolving power of the electron microscope is also superior. Several kinds of
electron microscopy are available: scanning electron microscopy (SEM), transmission
electron microscopy (TEM), reflection electron microscopy (REM). A transmission
electron microscope is able to show objects with 50 pm resolution, which was achieved
while studying spacing in a crystal (Erni et al., 2009). Cryogenic techniques (Cryo-EM,
Cryo-TEM), where specimens are embedded in vitreous ice, allow a powerful approach
for determining three-dimensional structures of biological specimens (Binshtein and
Ohi, 2015). Thanks to them even resolution of less than 10 Å can be achieved and this
can be done without the need to crystallise samples (Wilson and Bacic, 2012). They
can also be supplemented with complementary information from X-ray crystallographic
and NMR spectroscopic approaches (Milne et al., 2013).
The disadvantage of electron microscopy is that it requires the fixation of cells
and subsequent freezing or coating with resin, therefore visualisation of live cells is not
possible (Wilson and Bacic, 2012).

For SEM, most biological samples require

dehydration, which can be the source of distortions and artefacts. Samples require
coating in a conductive material, so its thickness can obscure crucial cellular details.
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For cryogenic techniques samples need to be cut into thin sections, which is demanding
in a frozen state. In Cryo-TEM, the samples are unstained, so only low-contrast images
can be obtained.
The newest examples of EM research have involved elucidating the capsid
structure of cowpea mosaic virus and updating its previous model, which revealed new
ways in the mechanisms of assembly and genome packaging in an RNA of this virus
(Hesketh et al., 2015). Also progress in imaging non-biological samples in this field has
been achieved with aberration corrected environmental scanning transmission electron
microscope (AC ESTEM) being developed for ground-breaking studies of nanoparticle
catalysts in gas reactions (Boyes et al., 2013).

1.5.3 Super-resolution microscopy
Light microscopy has some advantages over electron microscopy, such as ease
of labelling, use of multicolour tags and its ability to be applied in live cells.
Fortunately, it is possible to adapt it for single molecule imaging. How, therefore do
you fix the problem of convolution of the light source with large point spread functions?
Several techniques are available which address this problem through different means
(Figure 1.6). There are three main approaches to resolve objects at shorter separations
than the resolution limit. This is achieved either by reducing the size of point spread
function by using additional lasers for illumination, sampling higher spatial frequencies
that are not detected by the microscope or decreasing the density of point spread
functions.

The first approach is used in stimulated emission depletion (STED)

microscopy, where a depletion laser is employed to gain small PSFs.

Structured

illumination microscopy (SIM) uses a grating system for illumination to permit the
sampling of higher spatial frequencies. These techniques can be collectively described
as using hardware, illumination-based super-resolution (Baker, 2011). On the other
hand, photoactivated localisation microscopy (PALM), stochastic optical reconstruction
microscopy (STORM), point accumulation for imaging in nanoscale topography
(PAINT), and ground state depletion with single-molecule return (GSDIM) employ
probe-based, localisation approach (Baker, 2011). They are also described as pointillist
methods, where point-like components of the entire image are detected independently,
localised and summed together at the end of the experiment (Lemmer et al., 2008;
Scherer, 2006). These single molecule localisation microscopy (SMLM) approaches
give detailed information about the cellular mechanisms and properties and are
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Figure 1.6 Comparison of super-resolution microscopy techniques. (A) Images acquired
through four super-resolution techniques, from left to right: STED (scale bar 3 μm, fluorescent
beads, unpublished data from Rebecca Saleeb), SIM (scale bar 2 μm, actin fibres, unpublished
data from Alison Dun), PALM (scale bar 0.5 μm, SNAP-25 in HIT-T15, unpublished data from
Deirdre Kavanagh), dSTORM (own data, actin filaments in HEK293, scale bar 1 μm).
(B) 3D representations of focal volumes is shown for the chosen emission maxima. The table
shows the approximate lateral (x,y) and axial (z) resolution as well as the resolvable volumes.
STED, CW-STED and 3D-SIM can image to 20 μm deep in the sample, while PALM and STORM
reaches only near the bottom of the sample.
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particularly advantageous to study proteins.
photoswitchable

fluorophores,

localise

single

They employ photoactivatable or
molecules

reconstruction techniques (Heilemann, 2010; Hell, 2009).

and

employ

image

These approaches allow

individual resolution of densely packed molecules due to utilisation of a small subset of
fluorophores which are turned on sequentially and imaged with a camera. Because only
a low fraction of fluorescent molecules are switched on at a time, the distance between
them lies in a range above the resolution limit, therefore the spatial location of the active
fluorophores can be elucidated by calculating the centre of mass of the local
fluorescence distributions (Sigrist and Sabatini, 2012). The process is repeated to obtain
the positions of many molecules. Subsequently, the final image is obtained by addition
of all single molecule localisations (Hess et al., 2006; Rust et al., 2006a). The position
of fluorophores is recorded with the accuracy D/ 𝑚, where Δ denotes the width of the
diffraction maximum, while m is the number of detected photons (Fölling et al., 2008).
This set of powerful techniques is not free from disadvantages. For example, in some of
these methods staining involves fixation and using reagents able to permeate the cell
membrane, which can be the cause of artefacts (Wilson & Bacic 2012). Moreover, they
require highly specialised optics and extremely precise alignment (Scherer, 2006). In
probe-based techniques, the requirement of taking thousands of frames to produce one
full image is time-consuming and so it prevents the ability to perform live cell imaging
experiments (MacDonald et al., 2015).

Additionally, effective image resolution is

limited by the density of labelling and the size of fluorescent labels (Wilson and Bacic,
2012).

Nevertheless the advantages of these super-resolution techniques clearly

outweigh their flaws and offer valuable information, which would be unobtainable
through other methods therefore it is important to develop them further. The main
super-resolution techniques will be described in next parts of this thesis.
1.5.3.1 STED
The STED technique, developed by Stefan Hell, uses a physical principle where
diffraction-unlimited images are obtained straight away, with no need for further
computational processing (Hell and Wichmann, 1994). It uses two laser beams as the
light source. One beam excites the fluorophore and the second beam depletes it. The
wavelength of the depletion beam is specifically chosen to be in the red side tail of the
fluorophore emission spectrum. The depletion beam encircles the excitation beam,
depleting fluorophores in this region, resulting in detectable emission only from the
centres. This happens because in the depleted area, the fluorophores emit photons at the
36

same wavelength as the depletion laser, which is far from the fluorescence detection
window and therefore not detected. Raster scanning is used to generate the full image.
The resulting resolution in the lateral direction can be less than 10 nm (Rittweger et al.,
2009).
STED has many advantages. This includes its speed, which enables both fixed
cell imaging and live cell imaging of fast cellular processes, such as the dynamics of
synaptic vesicles (Butkevich et al., 2016; Gitai, 2009; Westphal et al., 2008). STED can
be used with multiple laser lines, such that four lasers, rather than two, can be used to
study nanoscale colocalisation of two different targets and generate one- and two-colour
images of living cells (Butkevich et al., 2016; Donnert et al., 2007; Pellett et al., 2011).
A further advantage is that there is no need for complicated image processing (Gitai,
2009).

Additionally, isotropic super-resolution in 3D is available through STED

(Schmidt et al., 2008). In principle, this technique is compatible with any kind of
fluorescent molecule although fluorophores with a good photostability are needed
because fluorophores undergo multiple rounds of excitation-depletion during scanning
(Tinnefeld et al., 2015).

Therefore, disadvantages of STED include high rates of

bleaching and phototoxicity. This method is based on nonlinear optical effects, and
commonly employs high-intensity pulsed lasers, which can lead to sample destruction
(Rust et al., 2006b). Using micropulse lasers reduces the possibility of photobleaching,
however employing continuous wave lasers instead has the advantage of uninterrupted
excitation of fluorophores which results in continuous signal delivery. This cheaper
method has been criticised for the reduction of the efficiency of the depletion process
(Takasaki et al., 2013), however, according to other sources, the resolving power of
using either laser is comparable (Hein et al., 2008). This translates into super-resolution
imaging without speed limits and increased flexibility of fluorophores. A downside of
STED microscopy is the cost and complexity of the set-up of multi-laser system,
however, commercial STED systems are now available, which should make the
implementation of this technique easier (Stafford, 2007).
1.5.3.2 SIM
In SIM microscopy a sample is not illuminated with a uniform light but with
spatially structured excitation light, using a grating pattern (Gustafsson, 2000). The
grating lines are oriented in this way, so they are parallel to the polarisation vector of
the linearly polarised light. Two patterns that are multiplicatively superimposed - one
of the distribution of fluorophores and the other intentionally structured excitation light
37

intensity, create moiré fringes. If the pattern of the illuminated light is known, the
unknown can be established from the moiré fringes. The information is moved into the
observable region from other areas in frequency space and the super-resolution image of
approximately 100 nm is produced.
This method can be used in three dimensions to improve lateral and axial
resolution combined with optical sectioning (Gustafsson et al., 2008). In 3D SIM three
coherent light beams are used (Gustafsson et al., 2008) and computers are needed to
reconstruct the image and extract the information in three dimensions. SIM can be
performed on a standard wide-field microscope to provide twice as high resolution in
the pattern direction. The advantage is that the acquisition and processing are quite fast,
high-speed structured-illumination microscopy can be used to obtain frame rates up to
11 Hz to show dynamics in living cells with 100 nm resolution (Kner et al., 2009). Any
fluorophore can be used and multiple colour experiments have been conducted (Hamel
et al., 2014). Because the spatial resolution is enhanced in three directions, this method
constitutes a powerful tool for 3D morphology investigations of fluorescently labelled
cells or thin tissue sections (Zhang et al., 2013).
This method fails when there is too much out-of-focus light in the experiment,
because it is not then possible to image the grating well enough to obtain useful
information (Cox, 2015). The shot noise is amplified from out of focus background (Fu
et al., 2013). The recovered signal is reduced when the excitation frequency is close to
the cut-off frequency of the imaging optics and hence the quality of the image can be
reduced as compared to the confocal microscopy (Mertz, 2011). Also the technique
does not perform as well as confocal microscopy in deep sample imaging (Chasles et
al., 2007). Although the technique is well suited to the live-cell imaging, sample
movement must be prevented during the acquisition (Pawley, 1990).

Because the

maximum frequency of the grating depends on the maximum frequency that the
objective can transmit, the best resolution structured illumination can achieve is
maximally twice the diffraction-limited system (Cox, 2015), which is rather modest as
compared to other super-resolution techniques.
1.5.3.3 PALM
In contrast to STORM, PALM uses photoactivatable or photoswitchable
fluorescent proteins (Betzig et al., 2006; Hess et al., 2006), such as photoactivatable
green fluorescent protein (PA-GFP) (Lippincott-Schwartz and Patterson, 2009). This
requires the delivery of DNA encoding fusion proteins into the target cells by
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transfection or other gene delivery methods (Lippincott-Schwartz and Patterson, 2003).
In contrast to conventional fluorescence microscopy, fluorophores in PALM are
modified such that they are not initially excited by visible light. Prior activation, high
energy ultraviolet light is required to make the fluorophore excitable. In each activation
round, a small subset of fluorophores is activated, the visible light excites only this pool
of molecules therefore the fluorescence is collected from spatially distant fluorophores.
Importantly, these fluorophores bleach after a single cycle.
The basic principle of PALM has been adapted to expand the range of
experimental questions that can be addressed.

Just as in simple fluorescence

microscopy, PALM has been used to acquire multicolour data, where pairs of
photoactivatable fluorescent proteins expressed included Dronpa with EosFP and PSCFP2 with EosFP (Shroff et al., 2007). Fluorescence of Dronpa in the green region
significantly overlaps with pre-converted fluorescent profile of EosFP. To solve this,
EosFP was photoactivated and imaged until all molecules were detected, localised, and
photobleached. Subsequently Dronpa was deactivated using powerful 488-nanometer
light. This was followed by the reactivation of Dronpa molecules, which were then
localised. The localisations from both proteins were later combined. Multicolour
PALM is hampered by fluorescent proteins, the range of potentially applicable
fluorescent probes is limited because of the fact that most probes are activated by light
in the same ultraviolet or violet region, overlapping emission spectra are observed in the
most commonly used proteins, the experiments suffer from low photon output
especially in probes emitting in the red region. An additional problem is that most of
the available red-emitting fluorophores have pre-activation fluorescence emission
overlapping with the post-activation emission of green-emitting fluorescent proteins.
Although experiments can be run as explained above, the method is limiting, as it does
not allow investigations of cellular dynamics.
In general, studying live cells through PALM is difficult, as this technique
requires thousands of frames to produce a stochastic image (MacDonald et al., 2015).
Slower biological movements, like the ones occurring within individual adhesion
complexes, have been studied through standard PALM (Shroff et al., 2008).

For

dynamic processes in live cells single-particle tracking PALM (spt-PALM) can be used.
This technique was developed to give dynamic information about how the individual
molecules move in the cells in both space and time (Manley et al., 2008). Low numbers
of single proteins can be tracked repeatedly; the movement of individual molecules can
be investigated for the entire set of recorded proteins. Highly dynamic processes like
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the ones occurring at the plasma membrane, have been studied using this method (Yang
et al., 2012).
PALM can be used for 3D imaging and several variants are available.
Interferometric PALM (iPALM) (Shtengel et al., 2009) combines standard PALM with
single-photon, simultaneous multiphase interferometry.

Sub-20-nm 3D protein

localisation can be achieved, at the same time providing optimal molecular specificity.
The images acquired by this technique included 25-nm microtubule diameter and
resolution of the dorsal and ventral plasma membranes. FPALM has been obtained with
a technique of biplane detection, where a beam-splitter divides the fluorescence light
into a shorter and longer path which results in two detection planes allowing to
determine axial position of fluorophores (Juette et al., 2008). The method has been
valued for its relative simplicity to study the additional dimension (Kirshner et al.,
2012). A method where PALM's lateral super resolution was combined with twophoton temporal focusing providing optical sectioning was also reported (Vaziri et al.,
2008). This technique allowed acquisition of super-resolution images over an axial
range of approximately 10 µm in mitochondrial labelled fixed cells.
1.5.3.4 STORM
STORM is a similar technique to PALM because it stochastically activates
individual fluorescent dye molecules at different times, while the majority of the
population stay in the dark emissive state (Bates et al., 2007; Rust et al., 2006b). It also
requires photoswitchable fluorophores that are able to switch between light and dark
states. However, the nature of probes is different from those used in PALM. Rather
than using fluorescent proteins, STORM employs small, synthesised fluorescent probes.
These probes are able to switch reversibly multiple times when excited by light,
although the time spent in the off state is significantly longer than in the on state. The
dark states are achieved by acquisition of radical ion states by removing oxidants (i.e.
oxygen) (Stein et al., 2012). The off-state lifetime increases with the reduction potential
of the fluorophore, e.g. Cy7 off-state is longer than that of Cy5.

The image

reconstruction methods are the same as in PALM (Ovesný et al., 2014). In STORM
technique small fluorophores work in pairs - the image is obtained from high-accuracy
localisation of individual fluorescent molecules which are switched on and off using
light of various colours (Rust et al., 2006b). In the original STORM paper fluorophores
of Cy3 and Cy5 were used in TIRF mode. Light of different wavelengths can be used to
switch Cy5 between a fluorescent and a dark state in a controlled and reversible way. A
40

red laser was used to excite fluorescence from Cy5 and to switch this fluorophore to the
dark state. Illumination with green light moves Cy5 back to the fluorescent state, the
recovery rate is related to the close proximity of Cy3 which was used as a secondary
dye. A combination of Cy3-Cy5 was used together as a switch. The experiment was
conducted in an oxygen-scavenging buffer, which is necessary for reliable
photoswitching of the dye molecules. The only limiting factor of the resolution is the
number of photons emitted during the switch cycle. It was later observed that instead of
using a two-fluorophore switch, one cyanine fluorophore can be used and reactivated
with UV (Dempsey et al., 2009) or violet light (Shim et al., 2012). The resolutions
achieved by STORM can be as high as 10 nm in the lateral direction, and 30-50 nm in
the axial direction (Olivier et al., 2013a).
The environment, aqueous buffer at a particular pH is required and specific for a
given fluorophore (van de Linde et al., 2011), with the choice of buffer significantly
influencing the resulting resolution (Olivier et al., 2013b). It was observed that the
imaging buffer works well for photoswitching when it contains primary thiols but is
unsuccessful with secondary ones and it was found that the rate of switching to the dark
state is related to the concentration of deprotonated thiol in solution (Dempsey et al.,
2009). The concentration of free thiol depends both on the initial concentration of the
primary thiol compound and pH. In cyanine compounds, thiol adds to the polymethine
bridge of the dye molecule and the dark state is achieved when thiol attaches to the
molecule when it is in an excited state. Because of that, the previously fully conjugated
molecule loses its conjugation and the molecule is no longer fluorescent. Millimolar
concentrations of reducing thiol compounds such as dithiothreitol (DTT), glutathione
(GSH), or β-mercaptoethylamine (MEA) are commonly used to quench the triplet state
of fluorophores, together with oxygen scavengers such as glucose oxidase (Heilemann
et al., 2009).
STORM microscopy is not commonly applicable to image live cells, only in
certain cases it can be used. For example, STORM was used in experiments with
synthetic dyes using lipophilic cyanine dyes with long alkyl chains which directly attach
to membranes (Shim et al., 2012). Labelling of molecules by this approach allowed live
cell studies of membranes found in plasma membrane, mitochondria, the endoplasmic
reticulum or lysosomes.

Thanks to fast-switching rates of the photoswitchable

membrane probes, it was possible to acquire super-resolution images in less than fifteen
seconds.
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Standard STORM uses a single objective, however, to increase the resolution,
experiments with dual-objective STORM in combination with an astigmatic lens have
been performed (Xu et al., 2012). To introduce astigmatism, a cylindrical lens can be
placed in the detection path. As a result, single molecules situated on the proximal and
distal sides of the focal plane are elongated in the lateral dimension in the images. In
combination with the dual objective, which allowed doubling of photon-collection
efficiency, this approach improved the image localisation precision of single molecules
to below 10 nm in the lateral direction and less than 20 nm in the axial direction and
resulted in a noise-cancelling mechanism, revealing the architecture of actin layers and
the mode of certain drugs affecting actin structure (Xu et al., 2012). Other methods
improving STORM resolution in the axial direction involved interferometry approach,
4Pi-STORM (Aquino et al., 2011), although its set-up was much more complicated than
the dual-objective astigmatic STORM.
Similar techniques to STORM are direct stochastic reconstruction microscopy
(dSTORM) and ground-state depletion followed by individual molecule return
(GSDIM). The concept of dSTORM is analogous to STORM, however, dSTORM does
not require pairs of fluorophores of a reporter and an activator, instead a single
conventional cyanine dye, such as Cy5 or Alexa 647 is employed (Heilemann et al.,
2008). This project is focused on dSTORM and will be discussed separately in a further
chapter. Ground-state depletion followed by individual molecule return (GSDIM) is
almost identical to dSTORM, although it works through populating the dark state of a
synthetic fluorophore by pushing it into a metastable triplet state with the use of a more
powerful laser.
1.5.4 Single-molecule polarisation microscopy
The property of light called polarisation was described in the section 1.2.2. This
property found its application in single-molecule localisation microscopy with the
benefits of acquiring structural information from orientation measurements of
fluorescent molecules and quantified data of biomolecular clustering and polymerisation
(Brasselet et al., 2013; Valades Cruz et al., 2016).

If a fluorophore undergoes a

rotational diffusion when the image is acquired, the circular PSF is a good fit. If the
dipole does not rotate, the emitted light is perpendicular to the dipole moment. A
fluorophore's dipole can be fixed via methods such as deposition on a dry glass surface,
where fluorophores reorient very rarely (Xie and Dunn, 1994). The knowledge that the
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orientation of the fluorophore's dipole can be investigated through polarisation studies
can be used in combination with single-molecule localisation studies to gain extra
information about a fluorophore's arrangement in the sample. One approach could
involve excitation of molecules with a circularly polarised light, and gaining
information about the emission dipoles of fluorophores using a polarised detection in
two perpendicular directions (Cognet et al., 2000). For example, the arrangement with
two orthogonal polarisation directions was used to detect rotational mobility of single
molecules constrained in glasses and gels (Mei et al., 2003), or to study axial rotation of
sliding actin filaments in the actomyosin motor (Sase et al., 1997). Arrangements
utilising the unique polarisations of evanescent waves generated by total internal
reflection to excite the dipole moment of single fluorophores helped to investigate the
complete 3D orientational behaviour of fluorescent tags on actin fibres (Forkey et al.,
2005). A circular incident polarisation was also used to study 3D orientation and
movement of quantum rod-conjugated myosin (Ohmachi et al., 2012).

Research

involving fluid-phase fluorophores in two different cell lines resulted in spatially
resolved images obtained using fluorescence anisotropy (Dix and Verkman, 1990) and
contributed to studies about cytoplasmic viscosity. Fluorescence anisotropy imaging
was employed in FLIM to sequentially visualise polarisation components to investigate
protein interactions by FRET between identical fluorophores in live cells (Suhling et al.,
2004). A method using standard wide-field microscopy with camera detection and twophoton scanning microscopy with rotating the polarisation of a wide-field excitation
beam as well as de-excitation beam having a polarisation perpendicular to the excitation
beam was applied (Hafi et al., 2014) with another characteristic deconvolution
algorithm in a method termed super resolution by polarisation demodulation (SPoD).
The method based on polarised direct stochastic optical reconstruction microscopy was
employed to precisely determine both molecular localisation and orientation of
fluorophores attached to structures in double-stranded DNA in vitro, as well as
microtubules and actin stress fibres in whole cells (Valades Cruz et al., 2016). This was
achieved through a non-standard set-up including a Wollaston prism and dedicated
algorithm for data interpretation. Fluorescence polarisation anisotropy proved useful in
local environment temperature studies and enabled mapping the local temperature of
nanoparticle heat sources (300 nm spatial resolution, an accuracy of 0.1 °C), this study
though although potentially useful for photothermal cancer therapy was not performed
in cells but glycerol-water mixture (Baffou et al., 2009).
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These techniques can suffer from low signal-to-noise ratios, because the
fluorescence signal is divided into two channels.

It has also been noticed that

combining single molecule orientation detection with super-resolution microscopy must
account for the fact that single molecule orientation affects its localisation precision.
Anisotropic emission pattern produced by an adapted dipole causes deformation of the
point spread function and affects fitting of the single molecule image by a Gaussian
function, this effect was investigated in several works (Backlund et al., 2012; Enderlein
et al., 2006; Lew et al., 2013).
1.5.5 Image processing
The quality of data obtained from the SMLM largely depends on the data
processing software. The main aim of the computational methods for SMLM is to
establish the location of the fluorophore and extract it from the noise signals. Important
features of the signal in dSTORM are the position of the fluorophore in the lateral plane,
its PSF and the intensity of the signal. The image is distorted as a result of the noise
coming from the dark current, CCD readout noise, light leakage, external sources of
fluorescence,

and

cellular

autofluorescence,

experiments (Thompson et al., 2002).

frequently

dominating

biological

The localisation precision is crucial and

inseparably connected to the achieved resolution.
The open-source software ImageJ/Fiji (Schneider et al., 2012) and the versatile
platform MATLAB are the most common programmes used for SMLM. Isotropic light
sources utilise most commonly the Richards-Wolf model (Wolf, 1959). This model
explains the vector nature of light waves.

The Gibson-Lanni model takes into

consideration interfaces between the specimen and the lens (Gibson and Lanni, 1992).
These two models are available through ImageJ plugins. The PSF can be also assessed
by Airy function, particularly good for lenses with a low numerical aperture. Pixelation
might be an issue, as the brightness of a pixel depends on the number of photons
striking its different areas, which is proportional to the integral of the PSF over the area
of the pixel. The sub-pixel information can also be extracted thanks to asymmetry.
Problems can arise also from the background, resulting from the out-of-focus
fluorophores and scattered light generating a background that can be uniform or nonuniform. The non-uniform background is particularly difficult to correct, especially
when the blinking fluorophores are involved. Another issue connected with background
is whether the camera frame has only one focused image of a single fluorophore or
more fluorophores are overlapping. The choice of software is critical, as analysing
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multiple-fluorophore images with the algorithm for a single fluorophore affects
localisation precision and can be completely unusable. Electron multiplying chargecoupled devices (EMCCD) add additional noise due to the multiplication process,
however, there are algorithms to account for this.
The choice of localisation algorithm must be based on the knowledge of the
imaging system, i.e. PSF and the noise, the way the fluorophore's activation is
controlled (single v multiple fluorophore models) and if the dipole of the fluorophore is
fixed (Small and Stahlheber, 2014). High-accuracy PSF calculations need to account
for many factors, such as the collection angle (numerical aperture) of the lens, interfaces
between the sample and lens (like coverslips and immersion oil) and the dipole moment
of the light source (Small and Stahlheber, 2014). Most algorithms approximate the
noise with Poisson statistics, where good precision is achieved. Converting optical
signal to the electronic signal gives additional noise, especially when the photon counts
of fluorophores and the background are low.
Evaluating localisation algorithms involves either precisely calibrated samples,
such as DNA origami, or testing of synthetic data with a known ground truth (Small and
Stahlheber, 2014). When constructing the software, the difference between the fitted
PSF model and the real data has to be eliminated by applying parameters reducing the
mismatch. Qualification of the mismatch is done by least-squared (LS) and maximum
likelihood estimation (MLE). The software determines mean and standard deviation of
the position estimates.

The localisation algorithms were previously compared

(Cheezum et al., 2001; Thompson et al., 2002) showing that the Gaussian fit was
superior to simple statistical and template-based models. While developing algorithms
for dSTORM microscopy, the important factors are the stochastic on-off fluorophore
switching (Small, 2009), the effects of dipole orientation (Engelhardt et al., 2011) and
the effects of local structure (Fullerton et al., 2012). One of the most popular software
packages for SMLM is ThunderSTORM, an ImageJ plugin, which provides many
different processing and post-processing methods and allows users to adapt the analysis
to their data (Ovesný et al., 2014).
A comprehensive quantitative evaluation of software packages for singlemolecule localisation microscopy has been recently published (Sage et al., 2015).
Synthetic data that represented three-dimensional structures have been created and over
30 packages investigated. More than two-thirds of the investigated software packages
carried out the localisation step through fitting with a Gaussian function, while the other
algorithms employed an arbitrary PSF. The main task was the 2D localisation of single
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molecules. The parameters taken into the consideration were detection rate, accuracy,
image quality, resolution, usability, and execution runtime. According to weights given
by the authors, ThunderSTORM, SimpleSTORM and PeakFit proved best for the lowdensity data, while B-recs, WTM and DAOSTORM gave the best results for the highdensity data (Holden et al., 2011; Köthe et al., 2014; Ovesný et al., 2014; Sage et al.,
2015).
Software has also been developed to analyse post-localisation data including
clustering in SMLM data. Ripley’s K-function analysis (Owen et al., 2010) and pair
autocorrelation quantify lack of randomness in space and show clusters as a function of
length scale (Jain and Dubes, 1988; Sengupta et al., 2013; Zhang et al., 2006). Other
cluster detection methods are DBSCAN (Ester et al., 1998), a modified Getis-Ord G
spatial statistic (Ord and Getis, 1995), Ripley’s K thresholding (Ripley, 1977),
topographical prominence (Griffié et al., 2015), and Voronoï tessellation-based
segmentation (Andronov et al., 2016).

1.6 Single molecule imaging using direct stochastic optical
reconstruction microscopy (dSTORM)
Direct stochastic optical reconstruction microscopy (dSTORM) (Heilemann et
al., 2008) (Figure 1.7) is a single-molecule localisation technique which, similarly to
STORM, uses fluorophores as efficient photoswitchable fluorescent probes. It uses
established immunocytochemistry in combination with total internal reflection
fluorescence (TIRF) microscopy and reversible photo-switching of standard organic
fluorophores to further improve the quality of signals.

Although any appropriate

optically switched fluorophore could be employed, carbocyanine dyes are the most
popular with the initial research using Cy5 and Alexa Fluor 647 (Heilemann et al.,
2008). Atto dyes have also been reported in dSTORM (van de Linde et al., 2009).
Fluorophores for dSTORM are bright, photostable and act as photoswitches, where
fluorophores are randomly activated and their fluorescence signal is temporally
segregated. This allows separation of the signal in space and time and subsequent
localisation on the nanometre-scale. A single fluorophore can acquire light and dark
states multiple times.

At the end of an experiment, a super-resolution image is

reconstructed, far superior to the one obtainable via standard fluorescence microscopy.
The diagram presenting the principle of dSTORM is shown (Figure 1.7A). The
majority of fluorophores are kept in the dark state, which is achieved by taking
advantage of the intersystem crossing process in which the valence electrons in the
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Figure 1.7 Direct stochastic optical reconstruction microscopy (dSTORM). (A) Reversible
photoswitching of organic fluorophores in the presence of reducing agents. Upon irradiation, the
fluorophore is excited from its singlet ground state S0 into higher electronic states. From the first
excited state S1 ,either fluorescence emission or intersystem crossing into the triplet state T1
occurs. The long-lived triplet state can further react with molecular oxygen to recover the singlet
ground state or react with reducing agents (such as thiols) to form a radical anion (F•-). The singlet
ground state can be recovered by oxidation with oxygen or excitation of the radical with near-UV
light. For some fluorophores (e.g., the oxazine fluorophore ATTO 655) were found to become fully
reduced to the leuco-form (FH), which can also recover into ground state by reaction with oxygen,
(B) 10 consecutive frames acquired through dSTORM (image of F-actin, with marker Lifeact
expressed in HEK293 cells immunostained with Alexa 647), exposure time per frame: 51 ms,
scale bar 2 μm (C) The image of F-actin, with marker Lifeact expressed in HEK293 cells immunostained with Alexa 647. Diffraction limited image, left, dSTORM, right. Scale bars, 1 μm.
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molecules move from the first excited electronic singlet state into the first excited triplet
state (Basché et al., 1995). Dark states can also occur as a result of radical ion states
created due to electron transfer reactions (Holman et al., 2003). When the molecule is
in the first excited singlet state S1, it is a better electron acceptor than it was when it was
in the S0 state as the HOMO orbital is singly occupied and can easily accept an electron
(Steinhauer et al., 2013). The molecule is then subjected to reduction reactions which
will move the fluorophore to the long-lived radical dark states in which the molecule
spends a significantly longer amount of time (measured in seconds) than the
fluorescence process requires.
Additional applications can help acquire even more efficient dark states and
recovery to the fluorescent state, e.g. the triplet state of rhodamine is prolonged when
the samples are embedded in a poly(vinyl alcohol) matrix with low oxygen permeability
(Heilemann et al., 2009). Fluorescent organic dyes can be reductively caged by sodium
borohydride and their fluorescence subsequently recovered by UV-induction in buffer
systems, which make the fluorescent ON state long-lived (Vaughan et al., 2012). This
improves photon counts and allows single colour localisation precision to below 10 nm
for samples labelled in vitro. Oxazines are switched off in dSTORM when the molecule
is at low oxygen concentrations and acquires a radical anion state which is thermally
stable with a lifetime in the minutes range (Vogelsang et al., 2009). Molecules switch
on and off between 400 and 3,000 times before photobleaching occurs. When both
reducing and oxidising agents are present, blinking is observed and on and off states can
be controlled by providing deoxygenated and oxygenated environments.
Standard fluorophores with distinct absorption and emission wavelengths allow
multicolour dSTORM (van de Linde et al., 2009), although such experiments are
problematic due to different buffer requirements for two fluorophores. This problem
was approached in experiments involving Alexa 647 and Alexa 700, where the two
fluorophores have overlapping buffer requirements.

However, to distinguish the

overlapping emission, spectral-demixing dSTORM (SD-dSTORM) had to be employed,
which made the set-up more complicated, but it allowed red-emitting carbocyanines to
be used with reduced laser power and fewer imaging frames for the faithful
reconstruction (Lampe et al., 2012).

Sometimes the experiments involve protein

fluorophores, like reversibly photoswitchable protein mEos2 (Endesfelder et al., 2011)
combined with fluorescent dyes. The technique can be used both in vivo and in vitro.
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1.6.1 Biological research using dSTORM
Providing quantitative information at the nanoscale is crucial for the
understanding of biological functions because the structure of biomolecular assemblies
is connected with fundamental biological processes occurring, e.g. in clusters on cell
membranes. Such attempts have been made to estimate the degree of aggregation of the
receptor molecules on the cell membrane through image correlation spectroscopy (ICS)
but they do not give information on the number of molecules in the cluster, rather the
average density of the clusters (Petersen et al., 1998).

The dSTORM method is

continuously developing and has novel applications, for example sequential superresolution imaging using dSTORM has been presented (Valley et al., 2015).

An

interesting research was conducted where dSTORM was correlatively incorporated into
a method of multi-scale imaging of human cardiac tissue with cellular and tissue level
data provided by confocal microscopy (Crossman et al., 2015). Using dSTORM in
combination with atomic force microscopy (Odermatt et al., 2015) allowed to correlate
and quantify the density of localisations with the 3D topography of the (F-)actin
cytoskeletal filaments. In these experiments fluorescently labelled phalloidin was used
instead of antibodies, to make the experiment suitable for AFM, although it turned out
that the AFM laser is detrimental to some dSTORM fluorophores.

Correlating

experiments with electron microscopy (Loschberger et al., 2014) could provide
quantitative analysis with dSTORM, e.g. fluorescent labelling using primary and
secondary antibodies and EM showed that the nuclear pore complex is made of eight
gp210 protein homodimers. The drawback of this method is that the sample preparation
conditions are likely to induce artefacts. Experiments where two microscopy methods
are correlated are especially challenging because maintaining optimal performance in
both imaging modalities is necessary.
In the last five years there were several notable examples of using dSTORM in
cell biology research. It revealed how small enzyme complexes frequently co-occupy
both ends of a DNA Double Strand Break during meiosis (Brown et al., 2015).
Changes in the molecular arrangement of viral proteins during an infection with HIV-1
and quantification of the size of the HIV-1 matrix shell and capsid core were possible
through dSTORM (Pereira et al., 2012). Molecular architecture of native fibronectin
fibrils within the extracellular matrix was elucidated and showed an antiparallel 30–40
nm overlap between their N-termini (Früh et al., 2015).

The organisation of the

synaptonemal complex, which is essential for synapsis, recombination, and segregation
of homologous chromosomes during meiosis was revealed through dSTORM by
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combining 2D super-resolution images recorded from different areas and reconstructing
them as the 3D molecular structure (Schücker et al., 2015). Although proteins are the
most popular targets for dSTORM imaging, other biological molecules are investigated,
for example carbohydrate pattern on a cell surface (Chen et al., 2015). β-secretase, an
enzyme involved in the release of neurotoxic b-amyloid, involved in Alzheimer’s
disease was studied and it turned out that this enzyme is expressed in the blood-brain
barrier endothelium and upregulated in a mouse model of Alzheimer's disease (Devraj
et al., 2015). DNA staining Hoechst and DAPI fluorescent probes were used in single
molecule localisation microscopy to study the distribution of chromatin (Szczurek et al.,
2014). Intracellular molecular assemblies in skeletal muscle fibres were studied and the
examination of triads, the components of the Ca2+ release sites, was performed. Within
triads, clear differences were revealed within fast- and slow-twitch fibres in the
molecular organisation of ryanodine receptors in rat

(Jayasinghe et al., 2014).

Chromosomal DNA with the click chemistry approach was used (Zessin et al., 2012).
Cellular DNA based on direct DNA labelling was investigated in live-cell dSTORM
(Benke and Manley, 2012). The localisation of centrosomal proteins was assessed by
both PALM and dSTORM (Sillibourne et al., 2011). In situ measurements of the
formation and morphology of intracellular β-amyloid fibrils were also studied (Schierle
et al., 2011). Nuclear pore complex (NPC), which controls all trafficking of molecules
in and out of the nucleus was investigated in two-colour dSTORM (Loschberger et al.,
2012).
As can be seen from the above examples, dSTORM microscopy has wide
applications across molecular biology. It can be used alone or in combination with
other techniques.

The structures studied were mostly proteins, however, other

biomolecules were also investigated by this method. The experiments can be done in
multicolour and multidimensions.

In conclusion, dSTORM is a very powerful

technique providing invaluable structural information, unfortunately it also suffers from
several drawbacks, which will be described next.
1.6.2 Limitations of dSTORM
Despite being a powerful super-resolution microscopy technique, dSTORM
suffers from several drawbacks. dSTORM is not widely available for live-cell imaging
because of the immunostaining method, which is predominant in dSTORM, and
requires cell fixing and permeabilisation. Moreover, the method removes oxygen to
control photoswitching of fluorophores, and this is also the reason why this method is
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not suitable for live cell imaging (Endesfelder et al., 2011). The microscope set-up
needs to be precise because the technique is sensitive to vibrations and therefore there
might be significant drift present (Jensen and Crossman, 2014).

Furthermore, the

method is time-consuming, as it requires multiple frames for localisation, this is
connected with the increased storage data costs and computational cost for data
processing.

However, one of the biggest shortcomings of dSTORM is that the

technique does not allow quantitative imaging. This happens because of two problems
(Figure 1.8). The first one deals with the lack of stoichiometric labelling of targets
(Figure 1.8A), the number of fluorophores per target can vary within one sample,
therefore it is not possible to know how many and which signals belong to a certain
protein. Also, high label density, although giving bright recordings, is a drawback when
precise measurements are required. Another issue deals with the repeated localisation
of the same fluorophore (Figure 1.8B). Although advantageous in some experiments
due to repeated measurement from one fluorophore and increased localisations, this
presents a barrier to quantitative imaging. The aim of this project is to adapt dSTORM
as a quantitative technique, therefore multiple labelling problems and repeated
localisation will be described in more detail.
1.6.2.1 Labelling of single proteins with multiple fluorophores
In section 1.4.1 it was described how fluorescent dyes are conjugated to
biological material through reactive species.

Chemical tags for protein labelling

conventionally use covalent methods and target primary amines, thiols or carboxylic
acids of proteins with commercially available fluorophores, such as hydroxysuccinimide
esters, isocyanates or maleimides. The major drawback of this technique is that the
products are indiscriminately labelled due to the abundance of the targeted functional
groups.

The abundance of binding sites on biological intermediates to which the

fluorophores are conjugated makes it difficult to label targets in any specific ratios,
which is influenced by several factors including the reaction kinetics, conformation of
biological intermediates and accessibility of their binding sites. Therefore, current
research employing antibodies, nanobodies, aptamers and their fragments, involves
multiple numbers of fluorophores per target. One unique and accessible functional
group would be of great advantage for quantitative labelling. Although sources quote
the N-terminus as a distinct feature of a protein linker, which can be selectively labelled
at a certain pH (Toseland, 2013), this approach is not reliable enough for quantitative
imaging.
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Figure 1.8 Problems which limit the quantitative analysis of dSTORM data. (A) Labelling of
proteins with multiple fluorophores. Left, a protein (violet) is recognised by a primary IgG antibody
(blue). The fluorophores (red dots), which label the target are attached to it via secondary
antibodies (green) attached to the primary antibody. The number of fluorophores conjugated to
the secondary antibody is not the same for each secondary antibody. Right, an additional problem
with immunostaining of protein clusters (violet proteins). One IgG can recognise two neighbouring
proteins, therefore one IgG can bind to one or two targets. (B) Problem with the repeated
localisation of a single fluorophore. Top, 10 consecutive frames of one dSTORM experiment,
acquisition time, 31 ms per frame. One fluorophore can follow multiple on/off cycles. Here a
fluorophore is on in the third and ninth frame. It might be the same fluorophore or two
neighbouring ones. Scale bar, 500 nm. Below, a graph showing normalised intensity over the
same 10 consecutive frames. (C) A proposed solution to allow quantitative dSTORM with only one
fluorophore (red elipse) conjugated to a target (green) through one biological intermediate (navy
blue) able to bind to only one target. The fluorophore has a fixed dipole (black arrow), to allow
utilisation of polarisation to discriminate blink events at the same location.
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1.6.2.2 Repeated localisation of a single fluorophore
Repeated localisation of a single fluorophore is a basic feature of dSTORM
because the principle of dSTORM involves cycling of a fluorophore in between the dark
and light states in the course of all experiments. The number of photoswitching cycles
depends on a fluorophore, laser power, environment and time of the experiment but
fluorescent molecules typically survive ten rounds or more of efficient on/off switching
before bleaching off (Shivanandan et al., 2014). Pixel intensity values obtained over
many frames are used in the digital image to localise the fluorophores, but unfortunately
the intensity values in the digital images show not only the signal of interest but also
background and noise (Murray et al., 2007; Swedlow et al., 2002). Background adds to
the signal of interest, such that the intensity values in the digital image are equal to the
signal plus the background (Waters, 2009). Noise has three main contributors - photon
noise, dark noise, read noise and is not a constant, it cannot be deducted from a digital
image because it causes variance in the intensity values above and below the true
fluorophore's intensity value of the signal (Waters, 2009). Because of that, precise
localisation of each fluorophore is never possible due to the noise and although
algorithms exist to correct for them, they are never as precise as to assign one signal to
definitely one fluorophore.

As a result, standard dSTORM cannot be used for

quantitative analysis, because the real fluorophore's signal, is affected in every frame
giving errors in localisation per each frame, therefore it is not possible to establish if the
localised signals with nearly identical coordinates belong to the same fluorophore
cycling multiple times, or another fluorophore situated in close proximity.
1.6.2.3 Possible benefits of quantitative dSTORM
The object of this project is to adapt dSTORM as a quantitative technique but
the first question that needs to be asked is: what would be the benefits of that? As
already established, dSTORM has some powerful advantages over other superresolution microscopy techniques - it is cheaper than STED and does not require an
elaborate set-up, it shows far better resolution than SIM and applies a lot brighter and
and photostable fluorophores than PALM. Although PALM seems to be a technique of
choice for quantitative single molecule studies, quantitative analysis with PALM is
challenging and prone to many errors connected with a limited efficiency of detection of
labelled molecules of the order of 40–60% (Annibale et al., 2012; Durisic et al., 2014).
What is more, a palette of robust fluorescent proteins is modest as compared to the
libraries of synthesised organic fluorophores used in dSTORM. If these powerful
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fluorophores could direct the microscopists to only one target in a reliable way (Figure
1.8C), it would be possible to elucidate the nano-scale mechanisms of processes
occurring within cells. Due to its advantages of improved labelling specificity and setup, quantitative dSTORM could enable single molecule counting, quantitative analysis
of protein spatial distribution, heterogeneity and colocalisation studies, estimation of
stoichiometry of protein complexes, characterisation of relative positions of various
components in a protein complex and accurate spatial distribution to the single-protein
accuracy, studies of co-clustering between single molecules and organelles. All such
information would be invaluable for structural and mechanistic studies on a nano-scale
and could find applications in fields such as neuroscience or nanomedicine.
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1.6.2.4 Aims of the project
The ultimate goal of this research project is to make dSTORM a quantitative
technique. This requires solving problems described in sections 1.6.2.1 and 1.6.2.2, i.e.
to provide a way for single labelling of proteins for dSTORM and to eliminate the issue
with the repeated localisation of a single fluorophore.

The first problem will be

approached in two ways. In Chapter 2 I will describe the plan and synthetic strategy to
employ a double-headed linker in conjunction with an antibody fragment to produce a
construct enabling 1:1 labelling of a target with a fluorophore. The same problem will
be also approached from the molecular biology perspective, in Chapter 3 I will describe
the preparation, labelling and purification of a singly-labelled nanobody construct to
singly attach to a protein of interest. The other problem, resulting from the repeated
localisation of the same fluorophore’s signal in dSTORM and hence uncertainty if the
signal is originating from the same or a different fluorophore, will be addressed by
employing an additional parameter to the regular dSTORM experiment – polarisation,
as described in Chapter 4.
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Chapter 2:
Bismaleimide linker for quantitative
labelling in dSTORM	
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2.1 Introduction
	
  

dSTORM requires the use of small (< 1 nm), synthetic, photoswitchable

fluorophores, that are able to switch reversibly multiple times between light and dark
states when excited by light of the correct wavelength, to tag the usually, nonfluorescent molecular targets within cells. Carbocyanine dyes such as Cy5 and Alexa
647 were used in the initial dSTORM experiments (Heilemann et al., 2008); however,
any appropriate optically switchable fluorophore can be employed.

The set of

fluorophores used at present in the dSTORM technique includes standard commercially
available organic probes like Alexa Fluor, Dy, Rhodamines, ATTO and SNAP-Cell
dyes (van de Linde et al., 2011). These fluorophores are equipped with functional
groups to allow them to be covalently attached to biomolecules (Sauer et al., 2011).
Due to the fact that molecular protein targets are all made up of the same set of
amino acids, direct labelling of targets is not possible because such approach lacks
specificity.

To overcome this issue, appropriate fluorophore-labelled carriers are

employed instead which have the capabilities to bind exclusively to specific molecular
targets. The most commonly used carriers, with protein-recognition abilities, are the
IgG antibodies. A typical IgG antibody is shown in Figure 2.1A. Within the crystal
structure, amino acids whose side chains are commonly targeted by fluorescent labels
are specifically marked. Lysine residues are shown in navy blue and cysteine residues
in yellow. For this particular antibody, there are 90 lysine residues and 32 cysteine
residues in total. Now, the fact that there is more than one lysine or cysteine in IgG
causes problems when trying to singly label it. This is because all the available lysine
residues have the potential to react with the appropriate NHS-activated ester
fluorophore derivative, when labelling via attachment to the –NH2 side chain of this
amino acid, and since each exposed residue has a similar reactivity the reaction cannot
be controlled to ensure that each IgG molecule only bears one fluorophore. The same
difficulty is also encountered when labelling cysteines by reaction with the relevant
maleimide fluorophore derivative. Additional difficulty is that, prior to this labelling,
the antibody has to be selectively reduced because the thiols are spontaneously forming
disulfide bonds (Sevier and Kaiser, 2002). Thus, even if the amount of the fluorophore
derivative added was only sufficient to allow for single labelling of each antibody in
theory, a cocktail of labelled IgGs would still be produced in which some molecules
would contain more than one fluorophore while others would contain none. As a result,
singly-labelled dye-conjugated IgG molecules or their fragments are not commercially
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Figure 2.1 Application of IgG to 1:1 labelling in dSTORM. (A) Crystal structure of IgG (Saphire,
2001) antibody with lysines (navy blue) and cysteines (yellow) used for standard
immunochemistry, left. Schematic representation of the same antibody, with heavy chain shown
in blue and light chain in lilac. The paratope is shown in light blue (heavy chain) and pink (light
chain). The fragmentation pattern is shown with two green dashed lines. (B) Fab’ fragment of the
IgG antibody shown in (A). The Fab‘ fragment is presented as a surface model (with heavy chain
in navy blue and a light chain in green). The hinge region is shown as a navy blue string and
atoms forming two cysteines are presented in a sphere model, with the sulfurs in yellow. (C) A
diagram showing how the bifunctional linker (blue) will attach to the dye (red) and the Fab’
fragment (green). Black dashed lines represent the linker binding.
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available. Not only is the number of fluorophore molecules on commercial antibodies
within one lot multiple but also variable, which poses additional difficulty for
stoichiometric imaging in dSTORM. Research groups working with dSTORM reported
the use of commercially available antibodies containing 3-4 fluorescent molecules per
secondary IgG (Laine et al., 2015), the suppliers usually report the antibody degree of
labelling as a range, e.g. the degree of labelling for IgGs from Invitrogen is “typically
2–8 fluorophore molecules per IgG molecule”. Secondary antibodies are commercially
available in three formats: whole IgG,

smaller divalent F(ab')2 fragments and

monovalent Fab fragments (Thermo Fisher Scientific, 2016).

The smaller IgG

fragments have been successfully used in super-resolution microscopy e.g. F(ab')2 was
employed to image microtubules (Hamel et al., 2014; Olivier et al., 2013) while Fab has
been used to visualise connexin (Hosny et al., 2013), herpex virus envelope protein gD
(Laine et al., 2015) and HIV-1 glycoprotein gp120 (Chojnacki et al., 2012). Although
smaller than IgG, F(ab’)2 and Fab fragments are also quite large and lack one unique
binding site for single fluorophore labelling.
For our purposes to adapt dSTORM for use as a quantitative technique, we
required a set number of fluorophores per target, ideally in the ratio 1:1. Hence, our
attention turned to the smallest functional IgG fragment – Fab. Although binding
affinities between different molecular targets and their corresponding IgGs vary, both
IgGs and their associated Fab fragments have been found to bind to the same target with
strong affinities, e.g. measurement of affinity constants for cell surface receptor hIGFR
revealed binding constants of 6×10-12 M and 1×10-11 M for the bivalent IgG and Fab,
respectively (Xie et al., 2005). Unfortunately, Fab does not possess a unique binding
site for single fluorophore labelling either. However, the slightly larger fragment, Fab’,
does offer this potential. It contains two nearby cysteine residues in its unstructured
domain, which are separated by only two proline amino acids.

Therefore, it was

envisaged that if the required fluorophore was attached to an appropriate homobifunctional linker, bearing two thiol reactive functional groups, it should be possible to
achieve 1:1 labelling of this fragment. It has been reported that the Fab’ fragment can
be obtained by fragmentation of the whole IgG (Figure 2.1A, right) using pepsin,
creating F(ab')2 fragment and one pFc' fragment (Jones and Landon, 2002). F(ab')2 can
be later divided into two Fab' fragments by selective reduction (Figure 2.1A, right), with
the use of a fast and efficient reducing agent, like dithiobutylamine (DTBA) (CrivianuGaita et al., 2015; Lukesh et al., 2012). Each of the Fab' (Figure 2.1B) can be then used
for attachment of a single fluorophore.
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As said above, the reduced Fab' fragment has two reactive cysteine residues
(Figure 2.1B, shown in a sphere model), which can be utilised for single-fluorophore
labelling. In this case, the fluorophore needs to be attached to a homo-bifunctional
linker (Figure 2.1C) bearing two suitable reactive functional groups for cross-linking
the two thiol side chains of these amino acids. Since such a linker is not commercially
available, it had to be designed and a synthetic route for its preparation explored. This
is the focus in this chapter.
In summary, our plan for protein labelling for quantitative dSTORM involves
three components. Firstly, a Fab' fragment (Figure 2.1B), originating from the IgG b12
antibody, Figure 2.1A (Saphire, 2001), is required for recognition of a protein target.
This fragment contains amino acid sequence of DKTHTCPPCPAPE in the hinge region.
Secondly, a fluorophore attached to a homo-bifunctional linker is needed which is able
to react with and cross-link the two cysteine residues located in the Fab’ hinge region
(Figure 2.1C shows the scheme of the linker binding to the dye and the reduced
cysteines of Fab’). The reactive functional groups selected for this linker were two
maleimides, because the maleimide group is known to bind to thiols with high
specificity, the reactions are fast (10 min–2 h) and can occur in standard buffers at
moderate pH and temperatures (Toseland, 2013). At pH 7, thiols react with maleimides
to make stable thioether bonds and, as mentioned in Chapter 1, this reaction is 1000
faster than that with the amines (Sauer et al., 2011). The third component is the
fluorophore itself. It was decided to choose Alexa 647 due to its established position in
dSTORM (Zhuang, 2009). It has been observed that at equilibrium, Alexa 647 exists
about 0.1% of its time in the fluorescent state, with 6,000 photons on average recorded
per switching cycle. A high resolution image is obtained thanks to the high photon flux
and low activation equilibrium of this dye molecule.

2.2 Design and computational modelling of the bismaleimide linker (1)
It was proposed to employ a homo-bifunctional linker based on L-glutamic acid
because it has an α-amino group, which is available for reaction with the NHSfunctionalised Alexa 647 dye. It also has two carboxyl groups, which can be used to
attach the required maleimide moieties. Figure 2.2 shows the structure of the linker and
its mode of binding to the Fab' fragment.
Before designing a synthetic pathway for the preparation of linker (1) (Figure
2.3A), it was decided to perform a selection of computational chemistry calculations to
determine the energy levels of both the starting materials (i.e. Fab’ hinge region and
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Figure  2.2  Binding  of  the  TCPPCP  fragment  to  the  homo-bifunctional  maleimide  linker  (1).  
The   TCPPCP   fragment   from   the   hinge   region   (left)   and   the   bismaleimide   linker   (right)  
functionalised  with  Alexa  Fluor  647  (red  dot).  The  attachment  sites  for  the  thiols  are  shown  with  
two  blue  arrows.    
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Figure 2.3 Molecular modelling of the bismaleimide linker and TCPPCP fragment of the IgG
(Saphire, 2001) hinge region. Molecular modelling using the B3LYP/6-31G* functional/basis set.
(A) A molecular structure of the double-headed linker, left. Optimised structure of bismaleimide
linker with the distance between reactive sites on two maleimide groups, right. (B) Optimised
structure of the TCPPCP fragment with distance between two sulfur atoms (left). The TCPPCP
fragment taken from the crystal structure of the IgG antibody (Saphire, 2001) and the distance
between sulfur atoms measured (right). (C) A joined product of the reaction of bismaleide linker
with the TCPPCP fragments, optimised structure. The distance between sulfur atoms is shown.
The region belonging to the bismaleimide linker is in the red box, while the one belonging to the
TCPPCP fragment is in the blue box.
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linker (1)) and product in order to evaluate if their reaction would be favourable. I also
measured the distances between the reactive groups in both the Fab’ hinge region and
linker to see if they were comparable.

The computational method of choice was

Density Functional Theory (DFT) (Hohenberg and Kohn, 1964) as this is frequently
used to optimise large molecules, including ones of the size of this linker. This method
was introduced in 1964 and is based on a theorem which states that the theoretical
problem of electronic structure can be formulated completely and exactly in terms of the
electron density. Walter Kohn received a share of the Nobel Prize for the development
of the theory in 1998 (Van Houten, 2002).
Therefore, three structures were submitted to these calculations: (1) the homobifunctional linker (1); (2) a TCPPCP fragment, which is a shorter version of
DKTHTCPPCPAPE from the hinge region of Fab’. This was used rather than the full
length hinge region to reduce the computational cost, while still maintaining the critical
portion necessary for reaction with linker (1); and (3) the product of the reaction
between TCPPCP and linker (1). The calculations started by building the molecules in
Chem3D Pro 14.0 so that the coordinates of all atoms could be obtained. These were
then used as a basis for the subsequent calculations. The molecules were first optimised,
i.e. their minimum energies were found, and then the frequency calculations were
carried out. Two different functionals of DFT were used for these calculations, B3LYP
and B97D, together with the 6-31G* basis set. The functionals represent the electron
density, which is a function of space and time (Politzer and Seminario, 1996). A basis
set is a set of functions that are used to represent molecular orbitals. The modelling
took into consideration the solvation effects of water at 25 °C, by applying either the
Polarisable Continuum Model (PCM) or Solvation Model based on Density (SMD).
Figure 2.3 shows the structures obtained from the calculations using B3LYP/6-31G*
with the PCM solvation model; the full data using the above mentioned settings can be
found in Chapter 8 (section 8.1).
The distance between the two alkenyl carbons in the two distinct maleimide
groups of linker (1) was found to be 16.2 Å (Figure 2.3A, right). The distance between
the two side chain sulfur atoms of the two cysteine residues located in the TCPPCP
fragment was determined to be: 9.6 Å in the computationally optimised TCPPCP
fragment (Figure 2.3B, left); and 11.6 Å in the published crystal structure of the IgG
antibody (Figure 2.3B, right).

The most likely reason for this discrepancy in the

distance between the two thiol side chains is that in the crystal structure of the entire
IgG molecule movement in the hinge region would have been restricted. However, the
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free hinge region found in Fab' is unstructured which means that there is a lot more
flexibility over the conformations that it can adopt. In the TCPPCP-bismaleimide linker
(1) complex, the linker was found to assume a conformation in which the distance
between the two maleimide groups had decreased to 9.7 Å. This is possible due to the
flexible nature of (1), which has 141 degrees of freedom. Finally, the total DFT energy
calculations showed that the energy of the complex was lower than that of the added
individual energies of the TCPPCP fragment and (1), suggesting that reaction between
these two components should be favourable.
It should be noted that the calculations performed here and the conclusions
reached are limited by the fact that the TCPPCP fragment in reality is not the entire
molecule to be used in labelling but is in fact just part of the much larger Fab'.
Nevertheless, given that the hinge region in Fab’ is far less restrained than in the full
IgG, it is postulated that the model is a reasonable representation of the outcome of the
reaction between the bismaleimide linker (1) and the TCPPCP fragment located in the
hinge region of Fab’. Furthermore, in the above calculations, the energy of activation
was disregarded, however reactions between maleimide-functionalised compounds and
reduced thiols are known for their great efficiency (Epps and Taylor, 2001) and are the
most commonly used for coupling reagents to reduced cysteines (Kim et al., 2008), so
there was no question whether the maleimides and thiols react spontaneously, more
concern was connected with the fact whether the product would be too constrained to be
formed, which according to our calculations shows otherwise.

2.3 Proposed retrosynthetic route for the bismaleimide linker (1)
Having confirmed that our design for the homo-bifunctional linker, required for
single-labelling of Fab’, should be able to react with and cross-link the two cysteine
residues found within the free hinge region, a synthetic route for its preparation needed
to be developed next. Therefore, a retrosynthetic analysis for the formation of the
homo-bifunctional maleimide linker (1) was conducted and this is shown in Figure 2.4.
The proposed route to the linker involves four main steps. It was reasoned that
the protected N-(2-aminoethyl)maleimide derivative (4) could be prepared from
commercially available maleic anhydride (2) and an appropriately protected
ethylenediamine (3) following literature precedence, which will be discussed in section
2.4.1. It was then envisaged that, after the removal of the amino protecting group from
(4), the resulting unprotected maleimide derivative (5) could be simultaneously coupled
to both the α- and γ-carboxylic acid functions of suitably protected L-glutamic acid (6)
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Figure 2.4 Retrosynthetic analysis of the homo-bifunctional maleimide linker (1); from
maleic anhydride (2), protected ethylenediamine (3) and protected-L-glutamic acid (6). A
structure of commonly used protecting group Boc is shown in the box.
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using solution phase peptide chemistry to afford (7). The final step would involve
removal of the α-amino protecting group from (7) to yield the desired homobifunctional linker (1). This would be then ready for attachment of the identified
fluorescent label for dSTORM, discussed earlier in section 2.1, through the unprotected
a-amino moiety.
2.4 Synthesis of the bismaleimide linker (1)
2.4.1 Synthesis of the trifluoroacetic acid salt of N-(2-aminoethyl)maleimide (5)
The first molecule which was necessary to prepare on the path to the linker was
N-(2-aminoethyl)maleimide (5). The synthesis of maleimides through the reaction of
maleic anhydride with the primary amines of methyl and ethylamine was reported over
a century ago (Anschütz, 1887; Piutti and Giustiniani, 1896). However, due to the lack
of instrumentation, the products were poorly characterized. Another early source from
the mid-twentieth century (Coleman et al., 1959) also treated maleic anhydride (2) with
a range of primary amines (8), made of 4, 8, 10 and 12 carbon atoms, to afford the
corresponding N-alkyl substituted maleimides (Figure 2.5). Here, maleic anhydride (2)
was first mixed in xylene at 80 °C and the relevant amine (8) was added at 80-90 °C.
As Coleman et al. stated, the reaction proceeded through the maleamic acid
intermediate (9), which was not isolated and the reaction continued to proceed until the
mixture reached 180 °C. After work-up and purification, the desired N-butyl, -octyl, decyl and –dodecyl substituted maleimides (10) were obtained in 25, 15, 20 and 24%
yields, respectively.
Regarding published routes for the preparation of N-(2-aminoethyl)maleimide (5)
which was required for my research, a search of the literature revealed an article by van
der Veken et al. in which the synthesis of the Boc-protected derivative (4) was
described (van der Veken et al., 2005). Boc is a carbamate protecting group which is
commonly used in the chemical synthesis of peptides for protection of the a-amino
functionality of amino acids.

A protecting group is used in organic synthesis to

temporarily mask the properties of a functional group in order to prevent it from
interfering in subsequent chemical reactions i.e. so that chemoselective step-by-step
synthesis can be performed.

It is then removed once these reactions have been

performed to restore the original functional group. As stated above, one of the most
popular amine protecting groups employed for a-amino acids is the Boc-protecting
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Figure   2.5   Maleimide   synthesis   by   Coleman   et   al.   (Coleman   et   al.,   1959).   In   the   first   step,  
starting  materials  maleic  anhydride  (2)  and  a  generic  primary  amine  (8)  react  in  xylene  at  80-90  
°C   for   3h   to   produce   an   open   ring   maleamic   acid   derivative   (9).   Next,   maleamic   acid   reacts  
intramolecularly  in  xylene,  the  reaction  temperature  range  depends  on  R  substituent  and  spans  
between  80-180  °C.  After  2h  reaction  a  maleimide  (10)  is  obtained  in  15-25%  yield.    
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group which has been used since late 1950s (Carpino, 1957; Ragnarsson and Grehn,
2013). The chemical structure of this group is shown in Figure 2.4 (box). This group is
stable towards most nucleophiles and bases. However, it can be easily, and generally
cleanly, removed when required under anhydrous acidic conditions such as upon
treatment with 25-50% TFA in DCM, 1M trimethylsilyl chloride (TMS-Cl) phenol in
DCM or 4 M HCl in dioxane (Isidro-Llobet et al., 2009).
In the approach of van der Veken et al. (van der Veken et al., 2005) the Bocprotected maleimide derivative of (4) was prepared as shown in the Figure 2.6. In this
procedure, first a solution of commercially available maleic anhydride (2) in diethyl
ether was added to a solution of commercially available N-Boc-ethylenediamine (3) and
triethylamine in diethyl ether at 0 °C and then the resulting mixture was left to warm to
room temperature over 4 h.

The precipitated, ring-open triethylammonium salt

intermediate (11) was subsequently isolated and re-dissolved in DCM before being
treated

with

the

peptide

coupling

reagent

benzotriazolyl-N-

oxytrisdimethylaminophosphonium hexafluorophosphate (BOP) (Castro et al., 1975;
Valeur and Bradley, 2009) and triethylamine to afford the desired Boc-protected
maleimide (4) in 38% after work-up and purification. The use of the coupling reagent
BOP was necessary to facilitate the intramolecular cyclisation through amide bond
formation.

BOP (12), which belongs to the phosphonium salts family of peptide

coupling reagents, converts the carboxylate group of the ring-opened intermediate (11)
into the corresponding HOBt activated ester (13) in situ. This is now a good leaving
group and so it can be easily displaced upon subsequent nucleophilic attack of the
nearby g-amide nitrogen on the carbonyl carbon of the activated ester. The full
mechanism is presented in Figure 2.7 (Gutte, 1995).
Inspired by the findings of van der Veken et al. we decided to use a similar
strategy for the preparation of (4) with the exception that BOP (12) was to be replaced
with

the

alternative

peptide

coupling

reagent

of

1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC (17)). The reason for this is
because

BOP

is

known

to

produce

the

highly

toxic

by-product

hexamethylphosphoramide (HMPA) (16) and hence its use is not recommended (Han
and Kim, 2004). This is not an issue with EDC. Another advantage of using EDC is
that its by-product EDU is water soluble which means that it can be simply removed at
the end of the reaction through an aqueous extraction (Al-Warhi et al., 2012). Protic
additives, like N-hydroxysuccinimide (NHS) (21), are typically used together with EDC
to prevent the possibility of an unwanted side reaction from occurring. The envisaged
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Figure   2.6   Maleimide   derivative   (4)   formation   according   to   van   der   Veken   et   al.   (van   der  
Veken   et   al.,   2005)   The   reaction   involves   maleic   anhydride   (2)   and   Boc-protected  
ethylenediamine   (3).   The   reaction   proceeds   through   the   triethylammonium   salt   open-ring  
intermediate  (11),  which  then  closes  with  the  aid  of  the  coupling  reagent  BOP.    
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Figure   2.7   A   mechanism   of   synthesis   of   the   maleimide   derivative   (4)   with   peptide  
coupling  reagent  BOP  (12).  Carboxylate  compound  (11)  attaches  to  the  phosphonium  part  of  
BOP   and   (13)   is   formed.   From   there,   either   an   attack   by   benzotriazolate   (14)   happens   or   the  
intramolecular   coupling   within   intermediate   (13)   to   produce   maleimide   (4).   Maleimide   (4)   can  
also  be  obtained  by  the  intramolecular  coupling  within  ester  (15).  Compounds  (14)  and  (16)  are  
received  as  side  products.          
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routes of the formation of maleimide (4) from the reaction of the ring-open intermediate
(11) upon treatment with EDC and NHS is shown in Figure 2.8 (inspired by Cuisinier
et al., 2005).
The initial step in the route involves nucleophilic attack of the carboxylate
oxygen of (11) on the carbodiimide carbon of EDC (17) to form the O-acylisourea
intermediate (18). From there, several things can happen. The g-amide nitrogen can
nucleophilically attack the activated carbonyl carbon to directly produce the desired
maleimide compound (4) with the elimination of the urea side product (19).
Alternatively, (18) can react with another equivalent of the carboxylate starting material
(11) to produce the corresponding acid anhydride (20) which can then undergo
intramolecular cyclisation to also produce the required maleimide (4) and liberate the
carboxylate starting material (11). The final option is that (18) reacts with NHS (21) to
make the activated ester (22), and this then undergoes an intramolecular reaction with
the g-amide nitrogen to afford the maleimide (4).
Following synthesis of (4), it was proposed that the Boc-protecting group could
be easily removed under conventional acidic conditions, using a mixture of
trifluoroacetic acid (24) and DCM (v/v, 1:1) to yield the required maleimide derivative
(5) in a form of a trifluoroacetic acid salt according to the mechanism (Van Vranken
and Weiss, 2012) presented in Figure 2.9. In this reaction, Boc-protected amine (23)
reacts with the excess trifluoroacetic acid (24), the Boc group is removed from the
amine and tert-butyl (26) is released alongside carbon dioxide (28). The other reported
side product for Boc deprotection is t-butyl trifluoroactetate where t-butyl cation is
nucleophilically attacked by a trifluoroacetate anion. Therefore, having identified a
plausible route to the maleimide derivative (5), the reactions were attempted. Thus, a
solution of commercially available maleic anhydride (2) in diethyl ether was added
dropwise to a stirred solution of commercially available N-Boc-ethylenediamine (4) and
triethylamine in diethyl ether at 0 °C according to the method reported by van der
Veken et al. (van der Veken et al., 2005). After being left to stir for two days at rt, a
precipitate had formed as described which was isolated by filtration. The crude product
was analysed by 1H NMR spectroscopy which suggested that it was the expected
triethylammonium salt of the maleamic acid derivative (11). A good indicator of this
were the signals characteristic of the open ring of the maleic anhydride, present as two
doublets at 6.06 ppm and 6.27 ppm, and lack of the maleic anhydride signal at ~7 ppm.
With the maleamic acid derivative (11) in hand, the intramolecular cyclisation
using the coupling reagent EDC (17) and additive NHS (21) was next explored.
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Figure 2.8 Routes of synthesis of the maleimide derivative (4) with peptide coupling
reagents EDC (17)/NHS (21). Carboxylate compound (11) forms an adduct with EDC resulting
in O-acylisourea (18). From there it either reacts intramolecularly to produce (4) with the
release of urea (19). Alternative route involves another molecule of carboxylate (11), which
reacts with (18), forms an anhydride (20) with the release of urea (19), (20) can later dissociate
to the starting material (11) and maleimide derivative (4). Another option is that O-acylisourea
(18) reacts with NHS (21), also releasing urea (19), to form open-ring NHS ester compound
(22), which can later close to give maleimide (4) and NHS (21).
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Figure  2.9  Boc-deprotection  of  an  amine.  Oxygen  from  Boc-protected  amine  (23)  extracts  a  
proton  from  trifluoroacetic  acid  (24).  Further  on,  a  tert-butyl  carbocation  (26)  is  released  from  the  
cationic  compound  (25)  and  a  carbamic  acid  (27)  formed.  Compound  (27)  then  reacts  with  both  
trifluoroacetate   (24)   and   another   portion   of   trifluoroacetic   acid   (24)   to   give   amine   (8)   and  
gaseous   by-product   CO2   (28).   Finally,   a   trifluoroacetic   acid   salt   (29)   is   formed   from   amine   (8)  
and  trifluoroacetic  acid  (24).  
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Therefore, triethylamine followed by EDC and NHS was added to a stirred solution of
the intermediate triethylammonium salt of (11) in DCM at rt. The reaction proceeded
overnight at rt.

After work-up, a crude orange gum was obtained which was

subsequently purified by flash column chromatography to afford the desired Bocprotected maleimide derivative (4) in the disappointingly low yield of 8%. The signals
obtained in 1H NMR corresponded with those ones expected for the product (4). A
characteristic Boc signal was found as a singlet at 1.34 ppm, alkane signals were present
at 3.24-3.61 ppm in the form of two multiplets, the NH signal was shown as a broad
singlet at 4.66 ppm and two characteristic maleimide hydrogens were found as a singlet
at 6.64 ppm.
As the yield of (4) was so poor, it was decided to repeat the reaction but this
time to isolate the maleamic acid intermediate (11), so that I could remove any
unreacted starting materials which may be present and also fully characterise the
product afforded to check that the expected compound had formed before proceeding
with the intramolecular cyclisation step. I have started the reaction in the same manner
as in the previously described one-step procedure, with the exception that I used DCM
as a solvent and the reaction continued for 3.5 hours. Following acidification of the
resulting aqueous solution to pH 3 with 2 M (aq) citric acid, which resulted in the
formation of a precipitate, extraction of the intermediate into DCM was attempted. At
this point a problem was experienced because an emulsion formed between the aqueous
and organic phases rendering separation difficult. It was discovered though that this
could be resolved merely by gentle warming of the immiscible mixture (24 °C) until
two distinct layers could be observed. After the two phases had been separated, the
aqueous layer was re-extracted with further quantities of DCM, the combined organic
extracts were dried and the solvent was removed in vacuo to give (11) in 95% yield.
The formation of the product was then verified through 1H NMR and

13

C NMR

spectroscopic analysis, with all peaks as expected for the product. In the 1H NMR
spectrum recorded, the signals at 6.24 ppm and 6.41 ppm were assigned to the two
alkenyl protons and the singlet peak observed at 1.37 ppm (Figure 2.10A) was
attributed to the 9 equivalent protons in the Boc-protecting group. The CH2 hydrogens
in (11) gave rise to a multiplet at 3.06 ppm and a multiplet at 3.22 ppm. In the

13

C

NMR spectrum, the most characteristic signals of (11) were observed in the alkene
region at ~130 ppm which were assigned to the two alkenyl carbon atoms of (11) and
distinct signals at ~165 ppm were noted for the carbonyl carbons. The spectra indicated
that the product was nearly pure, therefore the next step could proceed from there.
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Figure   2.10   Synthesis   of   maleamic   acid   derivative   (11).   (A)   Reaction   scheme,   maleic  
anhydride   (2)   reacts   with   N-Boc   ethylenediamine   (3)   in   DCM   in   the   presence   of   TEA   and  
followed  by  the  addition  of  citric  acid  in  the  work-up  stage  to  form  maleamic  acid  derivative  (11).  
(B)  The  most  characteristic  peaks  confirming  a  successful  reaction,  open  ring  alkenyl  hydrogens  
(i),  Boc  group  peak  (ii).  
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However, before describing the next step, it would be worth mentioning that the
reaction to produce maleamic acid derivative (11) over the course of this project was
performed over 10 times and it turned out that other modifications could be done to the
original prodecure (van der Veken et al., 2005) to simplify it. Van der Veken et al.
started his reaction at 0 °C and added a solution of maleic anhydride dropwise to a
stirred solution of N-Boc-ethylenediamine. The reaction can start equally well at rt and
the second reagent can be added in a single portion, no decrease of the yield was
observed.
Having verified that the maleamic acid intermediate (11) had been formed and
was reasonably pure, I attempted the intramolecular cyclisation reaction again using the
same conditions as before with EDC and NHS. After work-up and purification by flash
chromatography the desired maleimide (4) was again only afforded in the low yield of
12%.

In order to determine if changing the solvent polarity would lead to an

improvement in the yield, the reaction was repeated except that the relatively non-polar
solvent of DCM was replaced with the more polar solvent of DMF. However,
unfortunately after work-up and purification, no improvement in yield of (4) was
observed. Although low yields had been anticipated for this reaction because ring
closing is entropically unfavourable, we had hoped for a yield which was more
comparable with that reported by van der Veken et al. of 38%. At this point, it was
decided to abandon the use of EDC and NHS for achieving this intramolecular
cyclisation and look for an alternative method.
From the literature, it appeared that the coupling reagent BTFFH (30) (El-Faham,
1998)(Figure 2.11A) may be worthy of investigation; this compound belongs to the
fluoroformamidinium family. BTFFH had been employed by El-Faham et al. for the
successful intramolecular cyclisation leading to the generation of the lactam (33) from
the starting material Fmoc-Arg(Pbf)-OH (31), (Figure 2.11B). BTFFH facilitated this
reaction through the formation of the reactive acid fluoride (32) in situ. Acid fluorides
are more stable to hydrolysis, less prone to racemisation and more reactive to anionic
nucleophiles and amines than their acid chloride counterparts (Bertho et al., 1991;
Carpino et al., 1990). Thus, the carbonyl moiety of the acid fluoride (32) was found to
be sufficiently reactive to undergo nucleophilic attack by the side chain guanidinium
nitrogen atom leading to the formation of the cyclised product (33). The formation of
the acid fluoride (32) was reported to occur quickly, within 2 min. However, the
cyclisation step occurred much slower with a significant amount of the acid fluoride
remaining unreacted even after 60 min. Nevertheless, it was stated that the
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Figure 2.11 Use of BTFFH in peptide bond forming reactions. (A) Structure of BTFFH (30).
(B) Intramolecular formation of lactam (33) from Fmoc-Arg(Pbf)-OH (31) in the presence of a
coupling reagent BTFFH (30) (El-Faham, 1998). The reaction proceeds through the acid
fluoride intermediate (32).
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intermediate (32) cyclised gradually to the lactam (33) albeit the final yield obtained
was not reported.
Encouraged by the work of El-Faham et al., we decided to investigate whether a
similar strategy could be employed to prepare the desired maleimide derivative (4) from
the maleamic acid intermediate (11). The mechanism for this reaction is shown in
Figure 2.12. Therefore, BTFFH was added to a solution of intermediate (11) and DIEA
in anhydrous DCM at rt according to the procedure reported by El-Faham et al. and the
reaction was left to stir at this temperature overnight. Disappointingly, after work-up, a
1

H NMR spectrum recorded on the crude product showed that the closed ring product

(4) had only formed in 7% yield, with the majority of the material present being the
open-ring acid fluoride derivative (36). Thus, initially, this reaction did not appear to
offer an improvement over our previous attempts using EDC and NHS to accomplish
the intramolecular cyclisation.
In order to see if increasing the temperature of the above reaction would lead to
an increase in product yield, the reaction was repeated but following addition of BTFFH
the mixture was heated to reflux before being left to stir at this temperature for 24 h. To
our great delight, this time, the desired Boc-protected N-(2-ethylamino)maleimide (4)
was afforded in the significantly enhanced yield of 48%, after work-up and purification
by column chromatography. To illustrate the effect of the temperature increase, Figure
2.13 showing a fragment of the 1H NMR spectrum of the crude compound is presented.
The CH=CH doublet peaks at 6.57 and 7.15 ppm belong to the acid fluoride
intermediate (36). The small peak, at δ 6.64, represents the two olefinic protons in the
closed ring product (4).

As could be observed, through integration, in the room

temperature reaction there was only about 7% of the closed ring product (4), as
compared to the open-ring acid fluoride intermediate (36). However, in the heated
reaction, this ratio rises to about 62% in favour of the closed ring compound.
After purification of maleimide derivative (4) by flash chromatography, the
product was analysed through NMR.

1

H NMR revealed peaks characteristic of the

product (4): at 1.34 ppm we observed a singlet peak corresponding to 9 hydrogens
present in the Boc group.

In the 3.23-3.29 ppm region there was a multiplet

corresponding to two CH2 hydrogens from the alkyl region, while the signal of the
neighbouring CH2 was shown as a multiplet at 3.57-3.61 ppm. We also found a broad
NH peak at 4.63 ppm. What convinced us that the ring-closing reaction had been
successful was a single peak at 6.64 ppm corresponding to the two closed ring ethylene
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Figure 2.12 The mechanism of formation of maleimide (4) with the help of the coupling
reagent BTFFH (30). The reaction occurs through the acid fluoride intermediate (36).
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Figure   2.13   Formation   of   maleimide   (4)   using   BTFFH   at   different   temperatures.   Ratio   of  
hydrogens  present  in  acid  fluoride  (36)  (two  peaks  at  6.57  and  7.15  ppm)  vs  those  in  maleimide  
(4)  (one  peak  at  6.64  ppm)  in  the  ring-closing  reaction  of  (11)  using  BTFFH  (30)  at  (A)  rt  (B)  40  
°C.    
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hydrogens, which as previously discussed, were shown in the spectrum of the open-ring
compound (11) as two doublets. The spectrum showed a product of high purity. Also
13

C NMR provided evidence of a successful product (4) synthesis and purification.

Methyl groups of the Boc group were found at 28.3 ppm, CH2 carbons at 30.4 and 38.0
ppm, quarternary carbon from the Boc group was shown at 79.5 ppm, the maleimide
CH carbons gave a signal at 134.2 ppm, while carbonyl carbons in two different
environments were shown at 156.0 ppm (Boc carbonyl) and 170.8 ppm (two maleimide
carbonyl groups).
To explore whether lengthening the time at reflux would lead to a further yield
enhancement, the reaction was performed again under the same conditions except that it
was left at reflux for 48 h rather than 24 h. However, after work-up and purification,
the product was given in a comparable yield to that recorded for the previous reaction
and so extending the reflux time beyond 24 h seemed to have little effect.
Having now developed a reproducible procedure for the preparation of the Bocprotected N-(2-ethylamino)maleimide (4) in a reasonable yield, the final step in the
pathway to the required trifluoroacetic acid salt of N-(2-ethylamino)maleimide (5), was
removal of the Boc-protecting group.

The removal of the protecting group was

successfully achieved by simply treating (4) with a 1:1 mixture of TFA:DCM at rt and
then leaving the solution to stir at this temperature for 6 h (Figure 2.14).
Following solvent evaporation, the desired product (5) was afforded in a
quantitative yield. It was initially difficult to remove excess TFA from (5) but this was
eventually accomplished through performing multiple co-evaporations with diethyl
ether, as suggested by Cameron et al. (Cameron et al., 1999). NMR confirmed that the
product was obtained in high purity. 1H NMR shows characteristic signals of (5), with
two sets of alkyl CH2 shown as two triplets at 2.99 ppm and 3.66 ppm, two maleimide
hydrogens shown as a singlet at 7.08 ppm and a broad singlet at 7.86 ppm integrating to
three hydrogens represents NH3 protons. Boc signal at ~1.4 is not present, which
indicates a successful reaction.

13

C NMR also confirms the successful generation of

maleimide salt (5), with alkyl CH2 carbons shown at 35.0 and 37.5 ppm, maleimide CH
carbons indicated by a single signal at 134.7 ppm and one carbonyl carbon peak at
171.0 ppm. Boc at ~28 ppm is again not present. The product was obtained in a
quantitative yield, which was a result of the water association with the product, which is
hygroscopic.

Having

now

obtained

1-(2-aminoethyl)pyrrole-2,5-dione;2,2,2-

trifluoroacetic acid salt (5), the next step to couple it to the protected glutamic acid
could be attempted.
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Figure   2.14   Boc   removal   from   the   maleimide   derivative   (4).   Unprotected   maleimide  
derivative  (5)  is  produced  in  a  form  of  a  trifluoroacetate  salt.  Isobutene  (26a)  and  carbon  dioxide  
(28)  are  released  as  side  products.  
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2.4.2 Attempted synthesis of the protected bismaleimide linker (7) based on
Boc-L-glutamic acid (6)
It was envisaged that the two amide bonds joining the two N-(2aminoethyl)maleimide moieties to the α- and γ-carboxyl groups of Boc-L-glutamic acid
could be formed simultaneously engaging the carbodiimide coupling strategy typically
employed in the chemical synthesis of peptides (Williams and Ibrahim, 1981). In this
work, I have already introduced a carbodiimide coupling reagent, EDC (17), which is
often used together with the accessory compound NHS (21). I used these reagents to
perform the intramolecular ring-closing reaction as one of the means to obtain
maleimide (4) (Figure 2.8). During the peptide coupling, EDC and NHS facilitate an
amide bond formation between a molecule containing an amino group (43) and a
molecule containing a carboxyl group (41), (Figure 2.15). Although, as shown in
Figure 2.15, several different reaction pathways are possible involving amine,
carboxylic acid and EDC/NHS, the route via the NHS ester (46) is the most favourable
to occur. There is an advantage to use this set of coupling reagents because EDC, its
urea by-product EDU and NHS are known to have good water-solubility (Pottorf and
Szeto, 2001), which means that they can be removed at the end of the reaction through a
simple aqueous work-up. Indeed, in my earlier reactions where I had investigated the
use of this reagent for performing the intramolecular cyclisation leading to the
production of the maleimide derivative (4), I had not encountered difficulties in
removing EDU and any unreacted EDC from the crude product afforded.
Before coupling of the maleimide (5) to Boc-glutamic acid (6) (Figure 2.16), the
aim was to isolate NHS diester (47) first. EDC was added to a stirred solution of BocL-glutamic

acid in DCM followed by NHS at rt. The reaction continued for 6 h. After

work-up, TLC analysis of the crude product obtained showed the presence of two
compounds: the first, with an Rf value of 0.59 (100% EtOAc), was assigned to the
NHS-activated diester (47) as it was the most prominent and the second, with an Rf
value of 0.41 (100% EtOAc), was postulated as being due to one of the two possible
mono-ester products with only one carboxyl group substituted by NHS. In order to
purify the crude product, a column chromatography was performed. However, during
this purification, it was found that in the fractions which were believed to contain only
the product (47) with an Rf value of 0.59, a more polar compound, with an Rf value of
0.07, was also present. This discovery implied that perhaps the product was unstable on
the silica stationary phase and this was confirmed by subsequent 2D TLC analysis.
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Figure  2.15  Peptide  coupling  using  EDC/NHS  as  coupling  reagents.  
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Figure   2.16   Synthesis   of   the   bismaleimide   linker   (1)   employing   EDC/NHS.   Reaction  
involves  previously  synthesised  maleimide  salt  (5)  and  Boc-glutamic-acid  (6)  while  the  coupling  
proceeds  with  the  use  of  coupling  reagents  EDC  and  NHS  via  NHS  ester  (47).  
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Since it was not possible to purify the crude NHS-activated diester obtained
from the EDC coupling reaction using column chromatography, another method was
sought. It was confirmed that the reagents used in this reaction and their by-product (i.e.
EDC, EDU and NHS) were soluble in water as expected and so it was envisaged that, if
still present in the crude material, they could be removed by performing additional
water washes of an organic solution of the crude material. Furthermore, it was reasoned
that it should be possible to separate the desired diester (47) from the mono-ester side
product by washing the organic solution of the crude material with a saturated aqueous
solution of sodium bicarbonate. The saturated aqueous solution of sodium bicarbonate
would deprotonate the carboxylic acid group of the mono-ester to give the
corresponding sodium salt which would then be soluble in the aqueous phase while
diester (47), which has no carboxylic acid function, would remain in the organic phase.
Therefore, the crude product was dissolved in DCM and the resulting solution was
washed several times with water followed by a saturated aqueous solution of sodium
bicarbonate. Subsequently, following removal of the solvent in vacuo, the desired
NHS-activated diester (47) was obtained in quantitative yield as a white crystalline solid
and its purity was verified by spectroscopic analysis. In 1H NMR spectrum recorded for
(47), singlet at 1.49 ppm, representing 9 hydrogens, was assigned to the protons in the
Boc group. One of the CH2 signals, integrating to two hydrogens and originating from
the alkyl part of glutamic acid, is found at 2.25-2.51 ppm, while the other CH2 from
glutamic acid core is shown around 2.87 ppm and overlaps with a large signal
representing all CH2 of two NHS groups. This overlapping region integrates to ten
hydrogens – eight hydrogens coming from two NHS groups and two alkyl hydrogens
from Boc-glutamic acid core. No OH signals are present.

13

C NMR and MS spectra

also confirmed that diester (47) had been successfully synthesised.
Having now prepared the NHS-activated diester (47), I was now in a position to
investigate its coupling with the N-(2-aminoethyl)maleimide derivative (5), to form the
Boc-protected homo-bifunctional linker (7) (Figure 2.16).

However, given that the N-

(2-aminoethyl)maleimide derivative (5) required effort to be prepared, it was decided to
first explore a model coupling reaction using the commercially available amine of
phenethylamine (48) in place of (5). This meant that the N-(2-aminoethyl)maleimide
derivative (5), a valuable resource, was not wasted in the initial trial reaction to see if
displacement of the two NHS moieties of (47) could be accomplished simultaneously to
form the corresponding diamide in one step.

Phenethylamine (48) is structurally similar

to compound (5) because it has the same alkyl linker and a flat ring structure at one end.
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An advantage of using (48) is that, due to the aromatic ring, this molecule is UV active
and so the progress of the model reaction could be monitored easily by TLC. The
model coupling reaction studied is outlined in Figure 2.17. Therefore, a solution of
NHS-activated diester (47) and triethylamine in anhydrous DMF was treated with an
excess of phenethylamine at rt and the reaction was left to stir at this temperature
overnight. After work-up and purification by column chromatography, the model Bocprotected diamide (49) was received in 34% yield. Formation of the model compound
(49) was verified by spectroscopic analysis. In the 1H-NMR spectrum recorded, a
singlet was observed at 1.36 ppm which was assigned to the nine hydrogens in the Boc
group of (49). Two sets of CH2 from the glutamic acid part are represented by the two
multiplets, at 1.75-1.96 ppm and 2.02-2.20 ppm while the eight hydrogens in the two
alkyl linkers derived from phenethylamine gave rise to another two multiplets at 2.722.78 ppm and 3.34-3.53 ppm. Finally, the three NH hydrogens in (49) produced three
broadened signals between 5.0-6.5 ppm and the multiplet signal at 7.11-7.25 ppm was
ascribed to the ten aromatic hydrogens from the two phenethylamine moieties. In the
13

C NMR spectrum Boc group of (49) can be found at 27.7 ppm. The α-carbon is

shown at 78.9 ppm, while the CH2 signals from the glutamic acid core are present at
31.6 and 34.5 ppm. Aromatic carbons, which are part of the phenethylamine moiety are
present at 125.5, 127.6, 127.7 and 137.7 ppm. Three carbonyl signals can be found
further downfield. Infrared spectrum also confirms the compound, with secondary
medium NH stretch at 3314 cm-1, aromatic weak stretch at 3029 cm-1, CH weak alkane
stretch at 2932 cm-1, strong ester stretch at 1683 cm-1, carbonyl strong amide stretch at
1650 cm-1, and aromatic CH bending at 1547 - 1497 cm-1.
Having shown in the model reaction that it was possible to displace both NHS
moieties in the diester (47) simultaneously, I now turned my attention to applying this
approach for the preparation of the required homo-bifunctional linker (7). The main
difference between the model of phenylethylamine (49) and the
aminoethyl)maleimide derivative (5)

N-(2-

was that the former was already in its free amine

form, which is the form needed for the coupling reaction, while compound (5) existed
as its trifluoroacetic acid salt. Therefore, in order for the reaction to proceed, the N-(2aminoethyl)maleimide derivative (5) needed to be neutralised to liberate the amine
function. This can be achieved in situ by adding an organic base such as triethylamine
to the reaction mixture (Wilkinson et al., 2011). Thus, a

solution

containing

1

equivalent of the NHS-activated diester (47) and 3 equivalents of triethylamine in
anhydrous DMF was treated with 2.5 equivalents of the maleimide trifluoroacetic acid
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Figure  2.17  A  model  reaction  of  Boc-glutamic  NHS  diester  (47)  with  phenethylamine  (48).  

	
  

88

salt derivative (5) at rt and left to stir at this temperature for three days. After this time
a

TLC was performed which showed three distinct spots with Rf values of 0.47, 0.37

and 0.15 (100% EtOAc). The spot with an Rf value of 0.37 was a very distinct one and
so it was thought that this may be due to the formation of the product. Since there
appeared to be a large amount of unreacted diester (47) around, another half an
equivalent of the maleimide trifluoroacetic acid salt derivative (5) was added and the
mixture was heated to 40 °C to try to drive the reaction forward. After 7 h, another
TLC was performed which again showed the same three spots but this time the spot
with Rf value of 0.37 appeared to be more prominent. It was therefore, decided to stop
the reaction at this point to see if any of the desired Boc-protected homo-bifunctional
linker (7) could be isolated. Thus, after carrying out an aqueous work-up, the crude
residue afforded was subjected to purification using column chromatography. The
fractions containing the component with an Rf value of 0.37 were subsequently
combined and, following solvent evaporation, a small amount of material was obtained
which was analysed by 1H NMR spectroscopy. Unfortunately, the 1H NMR spectrum
recorded was not consistent with the formation of the linker (7). In fact, the signals
were reminiscent of those observed in the 1H NMR spectrum for Boc-L-glutamic acid,
especially the peak 12.62 ppm which suggested the presence of a carboxylic acid OH
group. This implies that some of the NHS-activated diester (47) may have been
hydrolysed back to Boc-L-glutamic acid during the course of the reaction.
Since the reaction had been unsuccessful, it was reasoned that perhaps the TFA
salt (5) may not have been properly neutralised. Therefore, I repeated the reaction but
increased the number of equivalents of triethylamine added to 27.

An 1H NMR

spectrum on the crude product afforded was recorded and although it was noisy due to
impurities, the expected features of the product components were apparent. Therefore,
purification was attempted using flash column chromatography and the material isolated
was analysed using standard 1D NMR (1H NMR and 13C NMR) and additionally 2D
NMR (COSY, HSQCed, HMQC 1H-15N, HMBC 1H-15N). In a 2D NMR experiment,
two 1D NMR spectra are displayed along each axis and the contour projection along the
diagonal shows the coupling pattern between atoms (Pinto et al., 2007). COSY gives
information on which protons are coupled with each other (mostly geminal and vicinal
couplings), HSQCed identifies all proton and carbon atoms joined together, while
(HMQC 1H-15N, HMBC 1H-15N) display connectivities between nitrogens and protons.
Unfortunately, the data obtained from these NMR experiments proved to be
inconclusive due to a small amount of impurities in the upfield region of the 1H NMR
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spectrum and the yield was too small to purify the compound further.

However,

although not definitive, these techniques suggested that the mono-substituted product
rather than the desired di-substituted compound had been formed.
Although DMF is by far the most popular solvent for amide bond forming
reactions, replacing it with other solvents could be an advantage (Jad et al., 2015). In
order to explore whether the reaction may be more successful in an alternative solvent, I
repeated

the

reaction using dioxane in place of DMF to see if a small decrease in

polarity had any effect. TLC of the reaction mixture revealed the same 3 spots as had
been observed previously for the DMF reaction, at Rf 0.47, 0.32, 0.00. Purification was
attempted again using flash chromatography. Only fractions containing the product
with an Rf of 0.34 could be visualised coming off the column. However, after these
fractions had been combined, it turned out that the amount of material obtained was too
small to be analysed.
Having had little success with the carbodiimide coupling reagents, we turned our
attention to another group of coupling reagents - phosphonium salts. Such coupling
methods devised from onium salts based on 1-hydroxybenzotriazole have become
popular in peptide syntheses and are often preferred to the classical carbodiimide
approaches

(Albericio

et

al.,

1998).

7-aza-benzotriazol-1-yl-N-oxy-

tris(pyrrolidino)phosphonium hexafluorophosphate, i.e. PyAOP (50), is a useful reagent
for the solid-phase preparation of a range of peptides, and is known to participate in
difficult couplings with hindered amino acids, difficult short sequences, and cyclic
systems (Albericio et al., 1997). Like many coupling reagents, it reacts with carboxylic
acids by converting the OH group into a good leaving group. The coupling mechanism
of PyAOP in the presence of DIEA is shown in Figure 2.18.
We, therefore, decided to explore the use of PyAOP to form the bis-linker (7)
and DMF was selected as the solvent of choice because it had been reported to be a
good solvent for this reagent (Albericio et al., 1998). In this reaction Boc-Glu-OH was
first dissolved in anhydrous DMF, then DIEA was added followed by PyAOP; this
resulted in a rapid colour change from colourless to orange, indicating that the
activation may have taken place which was confirmed by TLC analysis. Subsequently,
a solution of maleimide salt (5) and DIEA in DMF was added and the reaction mixture
was left to stir overnight at rt. On performing a TLC after this time, three extremely
faint spots were observed with Rfs 0.56, 0.42 and 0.19. It was noticed that unfortunately
the TLC had not changed considerably from the one performed before the addition of
maleimide (4) and so it seemed that coupling had not occurred. To try and confirm this,
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Figure   2.18   Coupling   mechanism   using   PyAOP   (50)   to   produce   protected   bismaleimide  
linker  (7).  DIEA  (51)  deprotonates  Boc-Glu-OH  (6),  subsequently  the  carboxylate  oxygen  forms  
a   bond   with   PyAOP’s   phosphorus.   The   phosphorus   moiety   is   replaced   and  
hydroxybenzotriazolate   compound   (53)   is   formed.   Free   amine,   which   was   liberated   from  
trifluoroacetic  acid  salt  (5)  in  a  reaction  with  another  equivalent  of  DIEA  (51)  can  now  form  an  
amide   bond   with   active   ester   (53).   The   same   reaction   proceeds   on   both   sides   of   the   COOH  
moiety  of  Boc-Glu-OH.  
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flash chromatography was performed on the crude material and fractions containing a
compound with Rf 0.56 were combined and the product afforded was examined by MS
and 1H NMR. However, neither showed the presence of the desired linker (7). I
repeated the reaction keeping the same conditions but using another coupling reagent
from the benzotriazole family, HBTU, but this also did not result in the isolation of the
required product, although here as well activation of the carboxylic acid functions
seemed to take place.
2.4.3 Synthesis of the protected bismaleimide linker (7) from L-glutamic acid
dimethyl ester
Upon experiencing problems to make protected bismaleimide linker (7) from
Boc-glutamic acid (6) and maleimide trifluoroacetate salt (5), we turned to literature
again to find out if there was another potential route which could be explored. I was
inspired by a reaction reported by Wang et al. (Wang et al., 2003) in which a primary
amine function had been converted into the corresponding maleimide group upon
treatment with methoxycarbonylmaleimide (55). These researchers had performed their
reaction using cyclohexane derivative (56), which was substituted with four aminoethyl
groups, in 1 M NaHCO3 and acetonitrile to obtain the analogous cyclohexane derivative
bearing N-propylmaleimide substituents (57) (Figure 2.19). In order to apply this route
in my research, it was necessary to re-design the synthetic pathway. A new synthetic
route was proposed (Figure 2.20), which similarly to the Wang et al. reaction involved
amine substitution at aminoethyl links into maleimide functional groups. Since the core
of the linker had to remain unchanged, I was still inclined to use a glutamic acid
derivative and my attention turned to the glutamic acid dimethyl ester (58).

The

structure of this diester is similar to the one of Boc-Glu-OH (6), the differences are that
the OH groups are replaced with OMe groups, moreover, the NH2 group needed to be
protected. This compound was commercially available in form of a hydrochloride. To
result in linker (7) two things had to happen before the primary amine groups could be
converted into maleimide groups using methoxycarbonylmaleimide: (1) the inherent
primary a-amino group of glutamic acid dimethyl ester had to be protected to prevent
its interference in the subsequent reaction with methoxycarbonylmaleimide; (2) the
methoxy groups of the diester had to be replaced with a suitable molecule to provide the
aminoethyl linkages, therefore, first I reacted glutamic acid dimethyl ester (58) with di-
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Figure   2.19   Reaction   of   the   amine   (56)   with   methoxycarbonylmaleimide   (55)   to   produce  
substituted  maleimide  derivative  (57)  (Wang  et  al.,  2003).  In  this  reaction  four  primary  amine  
groups  are  replaced  by  four  maleimide  groups.     
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Figure  2.20  An  alternative  synthetic  route  to  obtain  protected  bismaleimide  linker  (7).  The  
route   involves   protecting   starting   material   glutamic   acid   dimethyl   ester   (58)   with   di-tert-butyl  
dicarbonate   (59),   which   then   reacts   with   the   excess   of   diamine   (61)   to   produce   diamine  
compound   (62),   whose   amino   groups   will   be   later   replaced   with   maleimide   groups   from  
methoxycarbonylmaleimide  (55)  to  give  Boc-protected  bis-maleimide  linker  (7).  
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tert-butyl dicarbonate (59) in order to protect the primary a-amino group with Boc
using standard reported methods (Chen et al., 2008); this reaction proceeded according
to the mechanism in Figure 2.21 (Brückner, 2010). The main steps in this mechanism
include the amine attack of one of the carbonyl groups of di-tert-butyl dicarbonate and
the second tert-butyl carbonate becoming a leaving group. The reaction took place in
DCM over 5h at rt. The Boc-protected product (60) was afforded in 98% yield. In the
next step, the followed procedure to produce diamine (62) was that reported by Chen et
al. (Chen et al., 2008). These researchers had prepared the same diamine compound
(62) but they did not purify it nor provide spectroscopic analysis of the product. Thus, a
solution of Boc-L-glutamic acid dimethyl ester (60) in dry methanol was treated with an
excess of ethylenediamine (61), to avoid potential ring-closing reaction. The reaction
took place at 85 °C for 12 h. After this time, the reaction was worked up. This
involved removal of the unreacted ethylenediamine, which proved difficult due to its
relatively high boiling point at 118 °C. However, this was eventually achieved by
performing multiple co-evaporations, first with toluene and then with diethyl ether,
followed by leaving the crude residue afforded under high vacuum for a prolonged
period. The material obtained was analysed by mass spectrometry which confirmed that
the desired diamine (62) was present (m/z at 332.2296, [M+H]+).
Having obtained diamine (62), I was now in a position where I could explore the
reaction with methoxycarbonylmaleimide (55) to hopefully form the desired Bocprotected bismaleimide linker (7). Therefore, methoxycarbonylmaleimide (55) was
added to a stirred solution of diamine (62) in aqueous solution of NaHCO3 at 0 °C and
acetonitrile and the reaction continued at rt for two days. Following work-up, a 1H
NMR on the crude compound obtained revealed that unfortunately the product had not
been produced, as the expected characteristic single maleimide CH=CH peak at ~6.60
ppm was not apparent. The spectrum was difficult to interpret, as the molecule was
very flexible, as a result the peaks were broadened and overlapping to a large extent.
I repeated the reaction but decided to change the solvent to DCM (the reaction
where OMe group from methoxycarbonylmaleimide was replaced by organic R group
originating from a primary amine was reported by (Castañeda et al., 2013)) and also
added triethylamine to the reaction mixture. Upon product analysis by 1H NMR, the
spectrum obtained this time suggested that the methoxycarbonylmaleimide ring opened
compound (69) may have formed, as there was a group of doublets between 6.16-6.36
ppm which is indicative of the open ring CH=CH signals of (69), or alternatively a
mono-substituted product (68). The broad signal observed at 11.30 ppm is consistent
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Figure  2.21  The  mechanism  of  Boc  addition  to  protect  L-glutamic  acid  dimethyl  ester  (58)  
using  di-tert-butyl  dicarbonate  (59).  
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with the presence of a highly deshielded proton, which could be the imide NH proton
due to its position between two electron-withdrawing carbonyl groups.

The two

singlets at 2.74 and 2.90 ppm suggest OCH3 hydrogens in slightly different
environments. The expected singlet for the Boc-moiety (Boc group) is also present at
1.38 ppm. The formation of the bi-substituted ring opened product (69) was further
verified by MS which gave a peak at 664.26 ([M + Na]+). It is envisaged that this new
open ring product (69) was generated according to the mechanism in Figure 2.22.
Given that we could obtain the disubstituted ring open compound (69), we
thought that it would be worthwhile to investigate whether the rings could be closed to
form the disubstituted maleimide derivative (7). Since our disubstituted ring open
compound (69) was precious, we decided to examine ring closing using an appropriate
model instead with a view to identifying the optimal conditions which would then be
applied to compound (69). Since compound (69) contained a Boc protecting group,
which is known to be cleaved under strongly acidic conditions, we selected for our
model target compound the ring-opened product (70), also having this group (Figure
2.23). Compound (70) could be derived from the reaction of commercially available NBoc-ethylenediamine (3) with methoxycarbonylmaleimide (55).

Thus, (70) was

successfully prepared by addition of N-methoxycarbonylmaleimide to a stirred solution
of N-Boc-ethylenediamine in DCM at rt, according to the reaction scheme shown in
Figure 2.23. After work-up, spectroscopic analysis of the crude product supported
formation of the required open-ring compound (70).

1

H NMR on washed product,

obtained in a quantitative yield, strongly suggests a pure product, in which the
hydrogens represented by two doublets at δ 6.13-6.17 and δ 6.33-6.37 belong to the
open-ring compound. A singlet at δ 3.64, integrating to three hydrogens, shows that the
methyl group is still present and the highly deshielded broad peak at δ 11.35 is
indicative of an NH between two carbonyl groups. Mass spectrometry confirms the
findings with the molecular ion shown at 338.1335, which indicates the open-ring
product with associated sodium. The compound (70) has not been previously reported.
With the open-ring model in hand, I next attempted to perform the ring closing
reaction. Our approach was inspired by the work of Castañeda et al. (Castañeda et al.,
2013). These researchers had prepared a number of maleimide derivatives, in yields
within the range 15-98%, according to the reaction scheme shown in Figure 2.24. They
had noticed that upon performing column chromatography of the open-ring
intermediates, some cyclisation had occurred which indicated that the mildly acidic
conditions given by the silica may be sufficient for cyclisation.
97
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  
Figure   2.22   A   mechanism   of   the   substitution   of   diamine   compound   (62)   with  
methoxycarbonylmaleimide  (55)  to  form  an  open-ring  product  (69).  The  substitution  occurs  
at   both   amino-groups   of   the   compound   (62)   and   methoxycarbonylmaleimide   ring   opens  
attaching  at  both  sides.  
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Figure   2.23   A   model   reaction   to   produce   maleimide   derivative   (4)   from  
methoxycarbonylmaleimide   (55)   and   N-Boc-ethylenediamine   (3).   (A)   In   the   first   step,   N-
Boc-ethylenediamine  (3)  reacts  with  N-methoxycarbonylmaleimide  (55)  to  produce  an  open-ring  
compound  (70).  (B)  In  the  next  step,  the  ring-closing  reaction  is  perfomed  by  reacting  (70)  in  a  
small  amount  of  silica.  
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Figure   2.24   Castañeda   et   al.   (2013)   reaction   in   which   a   methoxy   group   of  
methoxycarbonylmaleimide  derivative  (71)  is  replaced  by  an  organic  group  in  a  reaction  with  a  
primary  amine  (8)  in  two  steps.  
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Therefore, a small amount (~ 0.5 g) of silica was added to a solution of the
open-ring compound (70) in DCM (pH ~ 4) and the reaction mixture was left to stir at rt
for 3 h. After this time, a TLC was carried out but, as no product spot could be
observed, the reaction was left to continue overnight. After this time, a new spot was
visible on TLC with an Rf of 0.77. However, since the spot at Rf 0.23, corresponding to
the open-ring compound (70), was still apparent, this implied that the reaction had not
gone to completion. Nevertheless, it was decided to work-up the reaction and isolate
the product with an Rf of 0.77 by flash chromatography. Subsequently, the material
obtained was subjected to spectroscopic analysis which confirmed that it was indeed the
expected ring-closed maleimide derivative (4). The 1H NMR and mass spectrometry
confirmed the closed-ring compound (4).
Although the above was an exciting and promising outcome, the ring-closed
maleimide model compound (4) had only been afforded in a yield of 13%. Thus,
additional studies were deemed necessary to ascertain if the yield could be improved
before carrying out the reaction on the disubstituted ring open compound (69). However,
due to time constraints, it was decided at this stage to abandon any further development
of a viable synthetic route to the homo-bifunctional linker and turn our attention to new
molecular biological methods, in the hope that they may yield a strategy to achieve a
1:1 fluorophore to protein labelling instead.

2.5 Summary
This chapter concentrated on the design and synthesis of a homo-bifunctional
linker (1) as a step towards a 1:1 fluorophore to protein labelling for dSTORM.
Bismaleimide linker structure was proposed and subsequently investigated for binding
with Fab’ fragment using computational chemistry methods. After confirming that the
concept had a potential of success, the retrosynthetic strategy was proposed. The
synthesis was to include 4 steps based, as I have shown in this chapter, on the available
literature.

The first synthesised molecule, Boc-protected maleimide derivative (4)

required several attempts to be successfully prepared in a reasonable 48% yield, which
was achieved using maleic anhydride (2) and Boc-ethylenediamine (3) with BTFFH
coupling reagent with DIEA in DCM at reflux. After Boc-deprotection using standard
reaction with DCM:TFA (1:1), the attempt of simultaneous coupling of (5) to Boc-GluOH (6) followed. This procedure first involved activation of Boc-Glu-OH to make
NHS active diester (47), this step was successfully achieved and the diester was
obtained in the quantitative yield. Subsequent replacement of NHS ester groups to form
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the amide bonds with maleimide derivative (5) was preceded by a model reaction
involving a double substitution of the NHS functions of diester (47) with
phenethylamine. Di-phenethylamine substituted compound (49), which was a new
compound, was obtained in 34% yield. Unfortunately, the same substitution pattern
was not achieved with (5), even though a variety of coupling reagents (EDC/NHS,
PyAOP and HBTU) was used. Another strategy was employed starting from Boc-Glu(OMe)2 and methoxycarbonylmaleimide.

First, a diamine derivative (62) was

successfully prepared, and it was characterised for the first time by MS. In the second
step, the primary amine group was to be replaced with maleimide group from
methoxycarbonylmaleimide (55). Although coupling of both diamine compound (62)
and methoxycarbonylmaleimide (55) was observed, the double-ring opening of both
maleimide groups occurred preferentially.

Product (69) was a novel compound,

however, it could not be used for labelling purposes, therefore a model reaction of Bocethylenediamine (2) with methoxycarbonylmaleimide (55) was performed to study the
possibility of ring closing.

In the process a novel ring-open compound (70) was

prepared and characterised. The ring closing reaction was successful, however, the
yield was only 13%. It was envisaged that simultaneous closing of both rings could be
problematic, although not impossible. The ring closing reaction optimisation could be a
subject of future work.
The general reaction conditions could be improved by using more anhydrous
solvents, as even if our solvents have been dried, our laboratory set-up did not allow the
complete exclusion of moisture, which might have lead to side reactions.

More

controlled addition of DIEA to the reaction mixtures aimed for peptide bond formation,
as suggested by Stahl et al. (Stahl et al., 2012), is also worth investigating. Furthermore,
the reactions reported in the literature concentrate mostly on peptide synthesis on the
solid support, while ours proceeded in solution, however, our reasoning for that was that
we were not constructing a polypeptide chain but three-molecule coupling, therefore
solution conditions seemed more suitable for our reactions. Nevertheless, the synthesis
on the solid support could give a better means for product purification.
Linker (1) was not produced but my reactions lead to production and analysis of
three other new compounds: di-phenethylamine compound (49) and carbamates (69)
and (70). As for 1:1 protein to fluorophore labelling, we decided to concentrate on
more promising methods using a modified nanobody, which could attach commercially
available fluorophores with a single functional group.

The experiments with the

nanobody were initially carried out in parallel and upon seeing the success of that
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approach, it was decided that the bismaleimide linker approach will not be developed
further. The nanobody approach is the subject of the next chapter.
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Chapter 3:
Nanobodies as tools for quantitative
dSTORM

104

3.1 Introduction
IgG antibodies are commonly used fluorophore carriers to label structures for
fluorescence microscopy (for more information see section 1.4.2.1). Their specificity
assures exclusive labelling of unique cellular structures and they have become a
mainstay of modern fluorescence microscopy. However, with the advent of superresolution microscopy their limitations have become apparent.

In single molecule

localisation microscopy, their large size as compared to their targets places their
covalently linked fluorophores significantly distant from their targets, resulting in less
precise localisations. Combined with their divalent nature and the common practise of
using fluorescently labelled secondary antibodies for detection, this presents significant
limitations to localisations based techniques such as dSTORM. On the other hand,
nanobodies are much smaller, monovalent and can be easily produced in the laboratory
via molecular biology techniques.

Nanobodies are not as well established in

immunostaining as antibodies and the library sizes are not as extensive although rapidly
expanding.
Given the difficulties in synthesising a double maleimide function linker
(Chapter 2) we decided to exploit the advantages of nanobodies with commercially
available reactive fluorophores. As nanobodies are produced recombinantly, we are
able to modify the coding sequence at the amino and carboxyl termini to introduce
selective labelling sites.

The nanobody chosen for this study was an anti-EGFP

nanobody (Kubala et al., 2010), which has previously been used to label EGFPtransfected cells. The article described the nanobody to be a versatile tool due to the
ease of cell transfection with EGFP, which could be attached to virtually any protein
and the nanobody carrying the fluorophores can be used in dSTORM experiments.
Anti-EGFP nanobodies have been used in fluorescence microscopy to visualise GFPlabelled proteins and several forms of nanobodies are available for this purpose (Ries et
al., 2012). Their affinity to EGFP was measured through different methods and was
equal to 0.23 nM measured by surface plasmon resonance (Rothbauer et al., 2006), or
using interferometry with an octet biosensor 1.4 nM (Kubala et al., 2010), application
surface plasmon resonance by another research group resulted in 0.32 nM (Saerens et
al., 2005), and after using quartz crystal microbalance the binding constant of 0.59 ±
0.11 nM was reported (Kirchhofer et al., 2010). Although the results vary slightly, it
can be concluded that anti-GFP nanobodies bind to their targets with excellent affinities
achieving binding constants within the nanomolar range.
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This nanobody originates from the dromedary (Camelus dromedarius). It is
made of 129 amino acids and its overall molecular weight is equal 14,374 Da. The
scaffold is formed by nine antiparallel b-strands, which make two sandwiching bsheets. The tertiary structure is maintained by one disulfide bond between two buried
cysteines.

Both C and N terminus are exposed, which is a useful feature for

modifications. This last advantage was exploited in our research to adapt nanobody for
purifications and single labelling for dSTORM.

3.2 Anti-EGFP nanobody and its modifications
The crystal structure of the anti-EGFP nanobody has been solved in a complex
with EGFP (Kubala et al., 2010)(Figure 3.1A). Both the anti-EGFP nanobody and
EGFP are predominantly composed of beta sheets. Nanobody (dark blue) binds to the
beta-barrel of EGFP (green) through the beta-sheet and loop association. The binding
mode is presented in three different views over rotation by 120°. All three nanobody's
complementarity determining regions (CDRs) participate in binding to EGFP but the
most prominent interaction is between CDR3 of the nanobody and β-strands 8–11 of
EGFP. Different kinds of interactions between EGFP and the nanobody take place hydrophilic, hydrophobic, and electrostatic. The high affinity of the nanobody-EGFP
complex formation is assured by hydrophobic interactions between Phe102 of the
nanobody and Leu221, Ala206, and Phe223 of EGFP and also between Trp47 of the
nanobody with Val176 and Ser175 of EGFP. Specificity of binding is provided by two
buried salt-bridges, between Glu103 of the nanobody and Arg168 of EGFP and Arg35
of the nanobody and Glu142 of EGFP. In addition, Arg168 of EGFP forms a hydrogen
bond with the hydroxyl of Tyr37 of the nanobody, which is important to the binding
interface positioning. Neither of the termini regions of both molecules is involved. The
C-terminus of the nanobody is shown in red and highlighted with a red arrow (Figure
3.1A). Given the distance of the C-terminus from the interacting site it was decided this
would be an optimal place to add a tag for labelling with an organic dye molecule.
Given its spatial position it would be unlikely to deleteriously affect binding of the antiEGFP nanobody to EGFP.
To generate plasmids for protein expression of the anti-EGFP nanobody the
amino acid sequence in the crystal structure was back translated with codon
optimisation for high level expression in E. coli. The resulting DNA sequence was
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MQVQLVESGGALVQPGGSLRLSCAASGFPVNRYSMRWYR
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TVYLQMNSLKPEDTAVYYCNVNVGFEYWGQGTQVTVSSK
DKTHTCPPAPAPE
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Figure 3.1 Nanobody variants produced to permit stoichiometric labelling. (A) The mode of
binding of the anti-EGFP nanobody to EGFP, the rotation over 360° is shown in 120° steps. EGFP
(beta-barrel) is depicted in green, while the nanobody is shown in blue. The region where the
cysteines are inserted is shown in red and pointed by red arrow. (B) A schematic representation
of the three produced nanobody constructs (engineered by Colin Rickman). All mutants have a
6×His tag added to the N-terminus, additionally two other mutants have a sequence added to their
C-terminus, involving either one or two cysteines. (C) The nanobody amino-acid sequence and
the sequences of the added fragments.
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synthesised de novo and cloned into a bacterial expression vector (pQE-30) downstream
and in frame of an 18 nucleotide stretch coding for a 6×His purification tag (work done
by Colin Rickman). We produced three different nanobody variants (Figure 3.1B), all
harbouring the N-terminal 6×His tag. This polyhistidine tag is fused to the protein for
purification purpose via affinity chromatography (Bornhorst and Falke, 2000).
Immobilized metal-affinity chromatography (IMAC) uses a nickel matrix, such as
nickel–nitrilotriacetic acid matrix (Ni+2–NTA), to chelate the nitrogen present on the
imidazole ring of the histidine side-chain. Our first nanobody variant is only modified
by the addition of the 6×His tag. The sequence of the nanobody without the tag is given
in Figure 3.1C. The remaining two modifications add a 13-amino acid sequence to the
C-terminus. The purpose of these modifications was to introduce an exposed cysteine
residue, available for binding of the fluorophore via the maleimide group.

The

nanobody already has two cysteines in its sequence, however, they both make a
disulfide bridge inside the structure and are inaccessible to the solvent. The C-terminal
modification mimics the hinge-region of the IgG B12 (Saphire et al., 2001), which we
intended to use for the binding of the chemical linker described in Chapter 2. One of
them was made employing exactly the same amino acid sequence as in the aforementioned antibody and contained two cysteine residues.

If the linker had been

synthesised successfully, apart from using the fragmented IgG, this nanobody would
have served as an alternative. The final variant contained the C-terminal modification
but with one of the cysteine residues replaced with an alanine. With only one exposed
cysteine this would permit the labelling of nanobodies with an organic fluorophore
through a maleimide reactive group.

By removing unlabelled dye and unlabelled

protein it should be possible to generate a supply of anti-EGFP nanobody with every
nanobody containing a single fluorophore for use in dSTORM experiments.

3.3 Nanobody expression and purification strategy
All three anti-EGFP nanobodies were cloned and expressed in E. coli strain M15
[pREP4]. pREP4 contains the lacI repressor to prevent expression in the absence of
IPTG. To ensure maintenance of both plasmids all selection and growth was performed
in the presence of kanamycin and ampicillin. After the expression, the challenge was to
extract and purify the nanobody from the sea of bacterial proteins. Firstly, the bacterial
pellets had to be prepared for the first crude column chromatography purification. The
bacterial proteins, along with the nanobody, were released through the action of
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detergent and sonication, while the protease inhibitor was used to control the
undesirable proteolysis, which could reduce the nanobody yield. In another experiment,
when purifying 1×Cys mutant, BugBuster protein extraction reagent was used for gentle
disruption of E. coli cell wall to release active proteins and used as an alternative to
mechanical methods involving sonication, however, decrease in yield was observed.
This was caused mainly due to difficulties in obtaining a good separation of the
bacterial pellet from the liquid extract.
The chromatography purification was planned to take place in three steps. The
first step, IMAC purification using HisTrap FF crude column, was used to greatly
increase the nanobody ratio to the native bacterial proteins. The other steps, ionexchange chromatography and size-exclusion chromatography, were to purify the
nanobody further to isolate the pure product. All buffers for the chromatography part
had to be completely degassed. Initially this was done using the vacuum pump and
intensive stirring, however, filtering and degassing for 20 min using a glass bubbler and
nitrogen supply, turned out to be superior. TWEEN-20 was always added after the
degassing to avoid foam formation. The purification was performed using ÄKTA
protein purification system. After every purification step, SDS-PAGE was performed to
check the purity of the nanobody.

3.4 Purification of crude bacterial extracts using affinity
chromatography
Immobilised nickel chromatographic media packed in a column, was used to
trap 6×His tagged nanobody, while the imidazole gradient was employed to release it
off the column and collected in 1 mL fractions. Three nanobody constructs presented in
Figure 3.1 were purified, although the data from purification shown in Figure 3.2 shows
only the experiment involving 1×Cys nanobody, while the native nanobody and 2×Cys
nanobody data are shown in the Appendix (Chapter 8, section 8.2, Figures 8.1 and 8.4
for the WT and 2×Cys nanobody, respectively). Proteins were eluted with a linear
gradient of imidazole from 20 mM to 500 mM with elution monitored by absorbance at
280 nm. The large flat peak shown in green and reaching nearly 3000 mAU on the
Absorbance 280 nm axis arises due to TX-100 in the lysis buffer (Figure 3.2A). The
release of the protein from the column is monitored mainly through the UV absorption
by tryptophan (λmax = 280 nm) but also tyrosine (λmax = 274 nm) and phenylalanine (λmax
= 257 nm) (Sem, 2007), with tryptophan having the strongest chromophore and being
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Figure 3.2 Initial purification of the 1×Cys nanobody using affinity chromatography.
(A) Purification on a HisTrap FF crude column showing the elution profile, measured A280 and
collected fractions. UV absorption (green curve) is shown along with the rising imidazole gradient,
red line. The zoomed region of graph on the left (depicted in blue) was shown separately on the
right, with the fractions containing the 1×Cys nanobody. (B) SDS-PAGE of the fractions containing
1×Cys nanobody of approximately 16 kDa.
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frequently used to establish protein concentration. The fractions contributing to the
peak were examined using SDS-PAGE (Figure 3.2B). In case of cysteine mutants, the
protein was purified with a buffer containing DTT and the gel was run with 2×GSB and
2-mercaptoethanol. The gel shows that the majority of the bacterial proteins were
removed from the sample and the bands for WT nanobody, slightly below 15 kDa, as
well as cysteine mutants, slightly above 15 kDa, were the dominant protein species. For
further purification, in case of 1×Cys construct, fractions A7-B5 (11 mL) were
combined, while for the WT nanobody fractions A5-B9 (17 mL) and for 2×Cys sample
fractions A7-B4 (10 mL).

3.5 Purification of the nanobody using ion-exchange chromatography
Before the ion-exchange chromatography could take place, the volume of the
combined nanobody-containing fractions was reduced for the column using a spin
concentrator. Additionally, the pH of the protein sample needed to be changed to
enable protein binding to the column. We wanted to use an anionic column, therefore
the pH needed to be pushed below the isoelectric point of the protein. The value of this
point was calculated from the amino acid sequence as 9.08 for the WT nanobody, 8.48
and 8.33 for 1×Cys and 2×Cys mutants, respectively. The isoelectric point calculated in
the software takes into the consideration only the primary sequence of the protein
without addressing the conformation, therefore the calculation might be inaccurate, due
to different charge distribution arising as a result of protein folding, but serves as a good
starting point. The buffer used has to have a lower pH by at least one pH unit. Because
the pH of the fractions was already 7.4, this pH could be maintained for the next step.
The purification took place using a Mono S column with methyl sulfonate strong
cations. A pH of 7.4 was suitable for this purification because at a pH below the
isoelectric point proteins display a net positive charge.

The purification was

successfully performed, as shown in Figure 3.3, for 1×Cys nanobody (figures showing
this purification step for other mutants are attached in the Appendix (Chapter 8, section
8.2, Figure 8.2 and 8.5 for WT and 2×Cys nanobody, respectively). The protein elution
from the column was again monitored by UV and a peak of sufficient height resulted in
all cases (Figures 3.3A, 8.2A and 8.5A). The red line in the graph represents the
increasing ionic gradient, because sodium chloride is used to compete with the protein
for the cation binding. The protein fractions were again collected and the fractions
giving rise to the UV peak were investigated by SDS-PAGE. The gel samples were
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Figure 3.3 Purification of 1×Cys nanobody using ion-exchange chromatography.
(A) Purification on Mono S 5/50 GL, a graph showing measurement curves and collected
fractions. UV absorption (green curve) is shown along with the elution gradient (red line) until the
end of the experiment. The zoomed region (depicted in blue) is shown separately on the right,
with the fractions containing the 1×Cys nanobody. (B) SDS-PAGE of the fractions containing
1×Cys nanobody.
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prepared in the same manner as in case of affinity purification from section 3.4. Again,
in case of cysteine mutants, the protein was purified with a buffer containing DTT and
the gel was run with 2×GSB and 2-mercaptoethanol. WT fractions B5-C10 were
combined and so were 1×Cys B4-C9 fractions as well as 2×Cys fractions B7-C12 and
the next purification step could follow.

3.6 Purification of the nanobody using size-exclusion chromatography
In size-exclusion chromatography, the particles are running through the column
and are separated according to their sizes. The column is packed with beads with holes,
in which proteins spend some time while they are flowing through the column. Bigger
molecules cannot fit in the holes as well as the smaller particles, therefore the larger
particles are eluted from the column first, while the smallest the last.

For this

chromatography step, the Tris-based buffer had to be exchanged, as it would have
interfered with the future labelling with the fluorophore, as it contains a primary amine.
The fractions were again concentrated using a centrifugal concentrator and then filtered
through a 0.22 µm filter prior to loading.

The column used for size-exclusion

chromatography was a Superdex 200 10/300 GL. Like in the previous chromatography
techniques, UV was monitored and the fractions were examined using SDS-PAGE, with
the gel loading proceeding in the same manner as in the previous chromatography
experiments, although in this case the samples were boiled at 92 °C for 5 minutes. The
purification turned out to be successful, and the results are shown in Figure 3.4 for
1×Cys nanobody, while the native nanobody and 2×Cys nanobody data are shown in the
Appendix (Chapter 8, section 8.2, Figures 8.3 and 8.6 for the WT and 2×Cys nanobody,
respectively). The samples were of sufficient purity to progress to binding studies and
labelling.

In the case of cysteine mutants the protein was purified with a buffer

containing TCEP and the gel was run with 2-mercaptoethanol. In the case of the WT
nanobody, fractions C5-C9 were combined and the yield of the protein was 4.92 mg at
2.188 mg/ml, for 1×Cys nanobody, fractions C4-C6 were combined and the yield of the
protein was 1.51 mg at 1.116 mg/ml, while for 2×Cys nanobody, fractions C4-C7 were
combined and the yield of the protein was 2.45 mg at 1.326 mg/ml. The samples were
aliquoted into 50 µL and stored at -80 °C.
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SDS-PAGE of the fractions containing 1×Cys nanobody.
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3.7 Purified nanobodies – summary
All purified nanobody variants were investigated using a single SDS-PAGE
(Figure 3.5A). The purified nanobodies were run on the gel at different conditions.
Before the run, the samples were prepared as standard, at room temperature, or 2mercaptoethanol was added, or/and the samples were boiled at 92 °C for 5 min.
According to the results, there is no difference whether the sample was used with the
reducing agent or boiled. The bands show the WT nanobody as a ~14 kDa construct
(the exact mass is 14.374 kDa), the 1×Cys nanobody ~16 kDa (the exact mass is 15.719
kDa) and 2×Cys nanobody also at ~16 kDa (the exact mass is 15.752 kDa). The WT
nanobody used with 2-mercaptoethanol shows additional bands at 60-70 kDa, although
they are very faint, so it is possibly a contamination. The Cys mutants are shown
mainly as a monomer, although in all cases, there is a slight band at ~30 kDa, showing
that some of the sample has dimerised, likely through the disulfide bond, which is not
present in the WT version. However, the amount of the dimer is much less than the
monomer. Boiling does not prevent the dimer formation, neither does the addition of 2mercaptoethanol, at least not at this concentration.

3.8 Investigation of the nanobody-EGFP binding
In order to establish if the WT nanobody and cysteine mutants could bind to
EGFP, a pulldown assay was performed using GST tagged EGFP and glutathione
sepharose beads. Each nanobody variant was incubated either with beads alone or
beads carrying GST-EGFP.

The incubations were conducted at 4 ºC for 30 min.

Following washing to remove unbound material the beads were analysed by SDSPAGE. Both the WT anti-EGFP nanobody and the two variants carrying C-terminal
cysteine amino acids bound to the beads harbouring GST-EGFP (Figure 3.5B).
Samples containing beads alone and the nanobody only, after incubation and washings,
show no bands, proving that the nanobody does not bind to the beads and was removed
during the washing steps. This proves, that the nanobody bound to the beads through
EGFP and that all three anti-EGFP nanobody variants are functional.
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Figure 3.5 Initial testing of nanobodies. (A) Purified nanobodies were analysed for the
presence of any intermolecular disulfide bonds. All samples were run using 5 μl of the purified
protein WT (conc. 2.2 mg/ml), 1×Cys (conc. 1.1 mg/ml) and 2×Cys (conc. 1.3 mg/ml). Samples
without 2-mercaptoethanol used 5 μl of 2×GSB, while the ones with the reducing agent (0.25 μl)
used 4.75 μl of 2×GSB. Three different conditions were tested for each sample. (B) A pulldown
assay to detect nanobody binding to immobilised EGFP. Glutathione Sepharose 4B beads were
used to immobilise GST-EGFP. These beads were then mixed with the three nanobodies
individually and bound material analysed, after extensive washing, by SDS-PAGE. All three
nanobodies were able to bind to the EGFP.
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3.9 Kinetic analysis of the anti-EGFP nanobody interaction with EGFP
The pulldown experiment demonstrated that the anti-EGFP nanobodies are
functional and able to bind to EGFP, however, this approach is not able to measure the
efficiency or affinity of this interaction. Binding of EGFP and nanobody is considered
to be a strong interaction, and, as was mentioned in the introduction to this chapter,
occurs on the nanomolar scale (Kirchhofer et al., 2010; Kubala et al., 2010; Rothbauer
et al., 2006; Saerens et al., 2005). It was necessary to check, if our nanobody binds with
similar strength and to investigate if and how much the conjugation of the dye affects
the EGFP-nanobody complex formation. For this purpose, microscale thermophoresis
(MST), was employed. The technique detects variations in the hydration shell, as well
as charge and size of molecules, and the binding constants are detected through
measuring the movement of molecules in microscopic temperature gradients (JerabekWillemsen et al., 2011). MST analyses biomolecular interactions and allows binding
constants for any type of biomolecular interactions to be obtained in a close to native
environment, e.g. interactions within protein-protein complexes or small molecule
binding. The basis of this technology is the observation that molecules move within
temperature gradients. Initially, molecules or particles are distributed evenly and freely
diffuse in solution. When an IR laser is switched on, unbound molecules usually move
away from the heated spot. When one molecule binds to another, the movement across
the temperature gradient is altered.

In MST, fluorescence is used to follow the

movement of the molecules. The fluorescence can come from the intrinsic source, e.g.
by measuring the fluorescence of tryptophan, or it could be monitored thanks to the
attached dye or proteins such as EGFP. A dilution series of the ligand is prepared and a
constant amount of fluorescent molecule added. Binding affinities are investigated
without the need of any immobilization. Thermophoresis of fluorescent molecules in
this gradient is monitored, simultaneously a plot is created with thermophoresis signal
against a concentration of the ligand and a binding curve is produced (for methods, see
section 7.2.10).
All my experiments were recorded as thermophoresis with temperature jump,
the phases of the experiment are shown in Figure 3.6A. In this set-up, fluorescence
change is measured from before the MST power is switched on, to the time just before
the MST power is turned off again. Initially the molecules flow randomly in the sample
(initial state). In the next step, the laser is switched on causing the temperature gradient
and thermophoresis, whereupon the movement away from the heated spot occurs and
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Figure 3.6 Binding affinities of the anti-EGFP nanobody interaction measured using MST.
(A) Example of MST normalised fluorescence time trace using thermophoresis with the measurement points for thermophoresis with temperature jump marked in blue and red. The particular
steps are shown on the curve. The fluorescence signal before the temperature jump (light blue) is
compared to the phase just before the laser is turned off (light red). (B) EGFP and WT nanobody
(titrant) binding curve. (C) EGFP and 1×Cys nanobody (titrant) binding curve. (D) EGFP and
2×Cys nanobody (titrant) binding curve. For all binding curves the mean and SEM of the data are
plotted (n≥3). Curves are fitted using a one site specific binding model with Hill slope. The fit
parameters for each graph are shown in a table.
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the flow of the molecules is observed. Between 30-40 seconds from the start of the
experiment, a steady state is observed and the equilibrium is reached.

Inverted

temperature jump is observed when the laser is switched off. Then the molecules come
back to the position where the spot was previously heated. The MST power and LED
power need to be adjusted for the experiment, the correctness of the set-up is established
by cap-scan, with the recommended fluorescence units between 100-1500 fluorescence
counts. The constant concentration of the fluorescent partner was kept at 25 nM in all
cases.
The maximum amount of capillaries used in one run can be 16, however, more
can be used if the experiment is continued over several runs and multiple data was
collected. Figure 3.6B shows the WT nanobody binding curves along with its mutants
(Figures 3.6.C and D). In this experiment, EGFP was set as a fluorescent species of
constant concentration, while the nanobody was a titrant and set up in the dilution series
in a 1:1 manner.

Fluorescence was measured in arbitrary units and subsequently

normalised to percentage of bound molecules. The settings for the MST power was
20% and for LED also 20%. WT and 1×Cys nanobody were measured at the starting
concentration of 5.275×10-6 M, over 16 capillaries, with the lowest concentration of
1.600×10-10 M. The curve for 2×Cys nanobody was generated from 17 concentrations
with a starting concentration of 2.000×10-6 M while the lowest concentration was
3.000×10-10 M. All the Kd values were in the nanomolar range with 16.61×10-9 M
(±1.25×10-9 M, n=4) for the WT nanobody, 16.21×10-9 M (±0.95×10-9 M, n=3) for the
1×Cys nanobody, 5.32×10-9 M (±0.38×10-9 M, n=3) for the 2×Cys nanobody, with a
high R2 value for the fit above 0.96 in all cases. Although slightly higher than the
published values for the measurement of the affinity of this nanobody for EGFP it is
very close and within the error expected for protein concentration determination, room
temperature variation and differences in the experimental methods used.
For the determination of affinities of proteins, it is advantageous to repeat
determinations with reciprocal titration of binding partners. As the nanobody is not
intrinsically fluorescent it requires post-purification labelling. From examination of the
crystal structure of the anti-EGFP nanobody bound to the EGFP, the nanobody carries a
number of surface exposed lysine side chains with none of these involved in the
interaction interface with the EGFP. Therefore, labelling of the anti-EGFP nanobody
with a NHS-ester reactive fluorophore should have no deleterious impact on the
binding. The anti-EGFP nanobody was labelled using the Monolith Protein Labelling
Kit Red-NHS (Amine Reactive)(see methods section 7.2.10.1). The MST experiments
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were conducted again, this time setting up the nanobody as the fluorescent species using
SDEX buffer. For this series of MST experiments a 2:1 dilution series was performed
with the concentration of samples ranging from a maximum of 2.000×10-7 M to a
minimum of 4.570×10-10 M with MST power of 40% and LED power of 20%. Binding
curves were produced from three separate measurements for WT and 2×Cys mutant and
four separate measurements in case of 1×Cys mutant (Figure 3.7).

The binding

constants were again in the nanomolar range; for WT nanobody 15.89×10-9 M
(±2.58×10-9 M, n=3), 1×Cys nanobody 8.37×10-9 M (±1.41×10-9 M, n=4) and for 2×Cys
nanobody 9.62×10-9 M (±1.28×10-9 M, n=3).

These experiments recapitulate the

findings where EGFP was used as the fluorescent species and show the high affinity
interaction that the WT nanobody and all of the anti-EGFP mutated nanobodies have for
EGFP. The addition of the tag harbouring the 1×Cys or 2×Cys has had no detectable
deleterious effect on binding of the anti-EGFP nanobody to EGFP.
The C-terminal tags added to the anti-EGFP nanobody were designed to allow
the specific labelling of nanobodies with a single fluorophore; using either a
commercially available maleimide reactive fluorophore or the new reactive linker
designed in Chapter 2. It is essential that the addition of a fluorophore to the cysteine
residues contained in these C-terminal tags is not detrimental to the binding to EGFP.
To test this, the 1×Cys and 2×Cys anti-EGFP nanobodies were labelled with fluorescent
dyes containing a maleimide reactive group; specifically the Monolith Protein Labelling
Kit Red-Maleimide. Here, only 1×Cys mutant and 2×Cys mutants could be labelled, as
the WT nanobody has no surface exposed cysteines.

The MST experiment was

conducted using 40% LED power and 40% MST power with a 2:1 dilution series across
24 concentration values. However, only a number of capillaries were used for each
measurement (14 for 1×Cys mutant and 17 for 2×Cys mutant). This was done so that
the curves could have more pronounced plateaus, which were not obtained through
preparation of only 16 samples, improving the curve fitting for these samples. The
nanobody was set as a constant-concentration partner, while EGFP was acting as a
titrant (Figure 3.8). The maximum starting concentration for EGFP in both cases was
2.963×10-7 M and the minimum 2.000×10-10 M. The Kd values were again in the
nanomolar range, for 1×Cys mutant 7.77×10-9 M (±0.75×10-9 M, n=3) and for 2×Cys
mutant 21.3×10-9 M (±1.80×10-9 M, n=3). The R2 values for these fits were 0.9373 for
the 1×Cys mutant and 0.9629 for the 2×Cys mutant.
The excellent binding of the nanobody to the EGFP was confirmed, and the
experiments showed that the presence of mutated sites as well as the labels does not
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Figure 3.7 Reciprocal binding curves of the anti-EGFP nanobody interaction. The nanobody
variants were labelled with the NT-647-NHS dye and EGFP was acting as a titrant. (A) EGFP and
WT nanobody. (B) EGFP and 1×Cys nanobody. (C) EGFP and 2×Cys nanobody. For all binding
curves the mean and SEM of the data are plotted (n≥3). Curves are fit using a one site specific
binding model with Hill slope. The fit parameters for each graph are shown in a table.
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prevent binding of the nanobody to EGFP. This confirmed the previous findings from
the binding assay.

3.10 Generation of pure mono-labelled anti-EGFP nanobody
After initial investigations of the WT nanobody and its cysteine mutants, a large
batch of the 1×Cys nanobody needed to be prepared and labelled in bulk, to be
subsequently used in microscopy experiments. I prepared two such batches; one from
12 litres of culture and the other one from 8 litres. The purification of unlabelled
proteins proceeded in the similar manner as previously described for the test of smaller
batches but we decreased the number of chromatography purification steps of
unlabelled protein to two, applying affinity and ion-exchange chromatography only.
However, it turned out that the second purification step was not free from unexpected
problems.
The affinity chromatography proceeded as expected. SDS-PAGE showed the
strongest band slightly above ~15 kDa, indicating the nanobody presence in a number of
fractions, which were collected together. During the purification of the largest batch,
problems started to arise in the next step - ion-exchange chromatography, which had to
be performed to further purify the protein and also exchange DTT into TCEP. As
previously mentioned, the isoelectric point of 1×Cys nanobody was calculated from the
amino acid sequence as pH 8.48. However, on inspection of the flow-through it was
apparent that the majority of the 1×Cys nanobody did not bind to the ion-exchange
column. The most likely reason for this observation is that the surface charge of the
fully folded nanobody differs significantly from the calculated isoelectric point based on
the primary protein structure.

The ion-exchange purification therefore had to be

optimised empirically (Figure 3.9). The stock buffer of 1 M Tris-HCl (pH 5.5) was
prepared and the overall pH decreased to ~7.0, as checked with the litmus paper, with
the increased concentration of Tris (90 mM) in the flow-through. This did not help the
situation, as after repeated ion-exchange, a significant portion of the protein was still
present in the flow-through. We needed to decrease pH to a larger extent, but without
denaturing the protein. So using a stock buffer (Tris-HCl, pH 4.5) the overall pH of the
load material was decreased to ~5.5 as checked with the litmus paper. Repeating the
ion-exchange chromatography yielded a pronounced A280 curve and fractions were
analysed using SDS-PAGE using 4×GSB (gel sample buffer) with 5% mercaptoethanol.
4×GSB buffer was used rather than standard 2×GSB to control the pH. The purification
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Figure 3.9 Optimisation of the ion-exchange chromatography of the 1×Cys nanobody.
Purification was performed with a linear elution gradient from 100 mM (at 0 ml volume) to 1 M
NaCl (at 25 ml volume) on an Mono S 5/50 GL column with varying pH. (A) Purification at pH 8.0.
(B) Purification at pH 7.0. (C) Purification at pH 5.5.
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was successful with the vast majority of the sample being present in the fractions and
the UV peak was also more prominent. The comparison of the ion-exchange traces at
different pH is shown in Figure 3.9, with the last purification at pH 5.5 showing the
most prominent peak at ~1700 AU while the higher pH resulted in the peak height of
only 60 (pH 8.0) and 17 AU (pH 7.0). Following pooling of fractions the concentration
of the 1×Cys nanobody was determined, using the absorbance at 280 nm and a
calculated extinction coefficient, to be 2.867 mg/ml (mean from 4 measurements), the
yield was 9.3 mg.
After the purification, the buffer had to be exchanged, to remove a high content
of salt, so Tris buffer was used for the exchange (buffer composition: 20 mM Tris-HCl
(pH = 7.40), 150 mM NaCl, 2 mM TCEP-HCl, 0.05% TWEEN-20, 5% glycerol, NaOH
for pH adjustment) by dialysis using a 3.5 kDa cut-off membrane. The concentration
was measured after the exchange and it was 0.2423 mg/ml (mean of 4 measurements).
The protein was investigated by SDS-PAGE with a strong band slightly above 15 kDa
and a very faint one at ~23 kDa. Subsequently the binding to EGFP was carried out
using GST-EGFP bead assay (Figure 8.7 is placed in the Appendix, Chapter 8, section
8.2) and it turned out that purified 1×Cys nanobody still binds to the EGFP, as the beads
incubated first with EGFP and then nanobody show the nanobody band (slightly above
~15 kDa), while the ones where the beads were incubated without the EGFP and later
incubated with nanobody, were washed out and no nanobody band was seen on the gel.
To turn dSTORM into a quantitative technique requires highly specific labelling
of target proteins, ideally with a single fluorophore. The 1×Cys modified nanobody
provides a single labelling site. However, to produce a homogeneously mono-labelled
preparation requires a high degree of labelling and efficient post-labelling purification.
For subsequent dSTORM experiments the purified 1×Cys nanobody was labelled with
Alexa Fluor 647 C2 Maleimide. Three mg of Alexa Fluor 647 were used, equivalent to
4.39 molar equivalents per 1 protein molecule. Labelling proceeded in 20 mM Tris-HCl
(pH 7.4), 100 mM NaCl, 1 mM TCEP, 5% glycerol, 0.05% TWEEN-20 with the buffer
extensively degassed with nitrogen before adding TWEEN-20. The molarity of the
nanobody was 182 µM and was adjusted down to 60 µM in a total volume of 9 ml.
Each 1 mg vial of Alexa Fluor 647 was resuspended in 10 µl of DMSO followed by 60
µl of the above labelling buffer to a final concentration of 10 mM. All 3 mg of
resuspended Alexa Fluor 647 maleimide was added to the 60 µM 1×Cys nanobody
solution and incubated in the dark overnight at 4 ºC with moderate stirring.
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The removal of the dye from the protein could be achieved via either sizeexclusion chromatography, dialysis, or the combination of both. We decided to test
size-exclusion first, using the smaller labelled batch of the protein (previously prepared
in 8 L of 2×TY, labelled with 26 moles of Alexa Fluor 647 C2 Maleimide per each
mole of 1×Cys nanobody).

The purification was performed on a HiLoad 16/600

Superdex 75 PG column. The results are shown in Figure 3.10. There are two distinct
bands visible on the column (Figure 3.10B), which could also be seen on the UV curve
taken in the course of the experiment. The larger intensity band and peak belongs to the
slower migrating, smaller entity, which is the dye molecule (~1250 kDa), while the
smaller intensity faster migrating band corresponds to the labelled protein (~17,000
kDa). There is a significant quantity of unbound dye in the reaction as would be
expected given the molar excess in the labelling reaction.

The graph of the UV

absorption is shown only for the protein-containing peak (Figure 3.10A). SDS-PAGE
was used to analyse fractions covering all detected peaks.

However, only those

fractions corresponding to F1 to F12 showed an ~17,000 kDa protein band.
In the case of the larger 1×Cys nanobody batch, obtained from 12 L of bacterial
culture, we decided to use dialysis to eliminate the need to concentrate the sample.
Because the amount of dye used was in large excess, a series of dialyses had to be
conducted using 3.5 kDa cut-off dialysis membranes. The labelled protein sample was
dialysed against four changes of 900 ml of (20 mM Tris-HCl (pH = 7.47), 150 mM
NaCl, 1 mM EDTA, 0.05% TWEEN-20, 5% glycerol) with each round reaching
equilibrium before replacing the buffer. Although time consuming, this effectively
removed all of the free dye without the need to concentrate the protein sample and risk
protein aggregation.

Both size-exclusion chromatography and dialysis could be

combined in series, however, we decided to stop at the dialysis point because of the
large volume of the sample (9 ml). The concentration of Alexa Fluor 647 and protein
following dialysis was determined by measuring the absorbance at 650 nm and 280 nm
respectively. The degree of labelling (DOL) following the removal of free dye was:

DOL =

!"#$ /&"#$
!'()* /&'()*

(1.7)

And was calculated as:
DOL =

+.-.//.-0,222
2..3./.4,200

= 0.7147 = 71%
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Figure 3.10 Purification of the 1×Cys nanobody labelled with maleimide-Alexa 647 using
size-exclusion chromatography. (A) A graph showing the labelled protein peak present in the
UV absorbance curve (green). There was also a second, much larger peak at ~160 mAU (not
shown), which belonged to the free dye. (B) SDS-PAGE of the peak shown in (A) showing the
purified 1×Cys nanobody band approximately 17 kDa, left panel. The column with two distinct
bands, right panel. The dark blue one belongs to free dye, while the faint blue one to the labelled
protein.
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As expected, the sample contained some unlabelled 1×Cys nanobody which required
removal through further purification.
In order to remove any unreacted 1×Cys nanobody, Activated Thiol Sepharose
4B beads were employed to separate it from the labelled protein. Figure 3.11A shows
the mechanism of reaction of the activated thiol sepharose with thiol containing
proteins. Since only the unlabelled nanobody has a free surface exposed thiol, only this
structure could react with the beads, while 2-Mercaptopyridine is released as a byproduct. Although TCEP does not have free thiols, purification on a trial sample in a
buffer containing this reducing agent was not successful.

According to the

manufacturers advice any reducing agents should be avoided, so I used the sample with
the buffer of 20 mM Tris-HCl pH 7.47, 150 mM NaCl, 1 mM EDTA, 0.05% TWEEN20, 5% glycerol. To prevent formation of disulfide bonds between unreacted 1×Cys
nanobodies the buffer was extensively degassed using nitrogen. To separate labelled
anti-EGFP nanobody from unlabelled nanobody a large scale pulldown was performed
post batch labelling. The labelled anti-EGFP nanobody mixture was incubated for 30
minutes with the Activated Thiol Sepharose 4B beads and the unbound material
(containing species with no reactive thiol) was collected. Because we did not require
the unlabelled nanobody, the elution step from the beads was not performed and the
unlabelled nanobody remained on the beads. The sample was then subjected to testing
to determine its purity, degree of labelling and ability to bind to EGFP.

3.11 Characterisation of the Alexa Fluor 647 labelled 1×Cys nanobody
After purification on the thiol-binding beads, the protein yield was 6.6 mg at
0.586 mg/ml. A pull-down experiment on Activated Thiol Sepharose 4B beads was
performed to show how unlabelled and labelled 1×Cys nanobody behave differently on
the beads. The results of the pull-down experiment are shown in Figure 3.11B. As can
be seen from the experiment, the unlabelled nanobody binds strongly to the beads,
because all the molecules have free reactive thiols. There is no nanobody band arising
from the supernatant sample after the experiment has finished, suggesting that the
binding to beads proceeds very efficiently and all the thiol-containing nanobody binds
to the beads. In case of the labelled nanobody, the result is opposite, as expected. The
sample is pure, therefore there is no free thiol-containing nanobody in the sample, hence
there is nothing to bind to the beads and therefore all sample is present in the buffer
rather than bound to the beads (band ~17 kDa). Because nothing bound to the beads, as
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Figure 3.11 The use of thiol-binding beads for purification of labelled nanobody from
unlabelled nanobody. (A) Reaction of the nanobody on beads. The beads are attached to
disulfaneylpyridine. Upon reaction with a thiol, pyridine-2(1H)-thione is released, while the
thiol-containing nanobody attaches to the beads. To elute the nanobody from the beads, another
thiol-containing compound is added. The beads are reduced to thiols, with the recovery of the
nanobody and the release of the organic compound R’-S-S-R’. (B) Labelled and unlabelled
1×Cys nanobody were incubated with these beads and after the incubation the supernatant was
analysed by SDS-PAGE. Indeed the unlabelled nanobody bound readily to the beads through the
exposed 1×Cys while the labelled moiety was non-reactive towards these beads.
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suggested by the absence of the band in the 1×Cys nanobody sample after washings and
elution, the high purity of the sample is confirmed. This demonstrates the activated
thiol sepharose beads can efficiently remove all unlabelled anti-EGFP nanobody from a
post labelling mixture.
The sample was also analysed for binding to EGFP by MST (Figure 3.12). The
nanobody was set as a fluorescent partner with a constant concentration of 25 µM. For
dilutions, PBS buffer with 0.05% TWEEN-20 was used. The EGFP was the titrant, it
was subjected to the dilution series 2:1, starting from 5.000×10-6 M and finishing at
1.142×10-9 M, with MST power set to 40% and LED 20%.

An average of 3

measurements were performed resulting in an R2 of 0.9785 for the fit. The binding
constant was determined to be 30.00×10-9 M, which is higher than the previously
obtained values but still within the nanomolar range, which is excellent for our
subsequent microscopy experiments.
The absorption/emission spectrum was measured using a spectrofluorometer.
The intensity of absorption and emission was normalised to 100% and the results are
presented in Figure 3.13A. The maximum absorption is 642 and emission 661, so the
values are slightly shifted to the left as compared to the literature values of 650 and 665,
respectively, which might be due to the local environment of the dye. Next, I wanted to
estimate the concentration of the labelled nanobody, so I performed an assay with a
serial dilution of BSA using the SYPRO Orange staining (Figure 3.13B). Two serial
dilutions were performed (for methods see section 7.2.13), one involved BSA of a
known concentration, and the second one the nanobody, where the concentration of the
nanobody was to be investigated. The samples were loaded on the same protein gel and
stained with SYPRO Orange. A standard curve of BSA was to be produced with
fluorescence intensity vs concentration and compared to that of the nanobody sample.
Unfortunately, it turned out that this assay was not suitable for our purpose. While BSA
gave bright bands at ~60 kDa, labelled 1×Cys nanobody showed as dark bands. To
understand what was happening, we speculated the improper folding of the nanobody in
the non-reduced conditions, so I ran the gel adding 5% 2-mercaptoethanol but this did
not help the situation. Another attempt where SYPRO Orange was not filtered was
carried out but no difference was observed. I performed another experiment where
unlabelled 1×Cys nanobody was run on the gel alongside BSA and Alexa Fluor 647
labelled 1×Cys nanobody. Here, again, the labelled protein showed as a dark band,
while the unlabelled nanobody and BSA showed as normal. This brings us to the
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Figure 3.12 Binding affinity of the 1×Cys nanobody labelled with Alexa 647 to EGFP. The
binding curve, measured using MST, using the 1×Cys nanobody labelled with maleimide-Alexa
647 binding to EGFP (titrant). The mean and SEM of the data are plotted (n=3). The curve was
fitted using a one site specific binding model with Hill slope. The fit parameters are shown in the
table.
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Figure 3.13 Characterisation of the purified 1×Cys nanobody labelled with
maleimide-Alexa 647. (A) Excitation (blue) and emission (red) fluorescence spectrum of the
construct with a moving average of 5 nm. (B) SYPRO Orange SDS-PAGE to determine the
degree of labelling. (i) BSA was loaded as a series of dilutions (1:1) starting from 2 μg (rows
1-6). Labelled nanobody was also run as a series of dilutions, 2:1 (rows 8-10). (ii) SDS-PAGE
with samples of unlabelled 1×Cys nanobody (row 1), labelled 1×Cys nanobody (row 2) and BSA
(row 3) stained with SYPRO Orange. (iii) Another SDS of the same samples as in (ii), stained
with Coomassie. (C) UV-Vis spectrum of 1×Cys nanobody labelled with Alexa 647 with a moving
average of 15 nm. Absorbance values at 280 nm and 647 nm are shown corresponding to total
protein and the Alexa 647 fluorophore respectively.
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conclusion that Alexa Fluor 647 has an effect on the experiment and possibly quenches
SYPRO Orange, making this method unusable for concentration analysis.
To check the concentration in another way, we decided to use spectroscopic
methods again. The purity and the degree of labelling of a protein with the dye can be
monitored by measuring the ratio of protein to dye using spectroscopic methods by
measuring absorption at 280 nm for protein and 650 nm for the dye. The absorption
spectrum was plotted using a moving average of 15.

Fluorophore to protein

(DOL) ratio was calculated:

DOL =

+.453/.-0,222
2.+4-/.4,200

= 1.04 = 104%

Since the unlabelled protein was removed, the DOL increased and it was now close to
1:1. The 1×Cys nanobody was successfully labelled with only one fluorophore.

3.12 Summary
Three nanobody constructs, WT, 1×Cys and 2×Cys mutants were successfully
purified using a collection of chromatography techniques and dialysis. All step by step
purification and analysis is shown in Figure 3.14. From those constructs, 1×Cys was
the most important, because it served as an anchor to the single Alexa 647 molecule.
All purification techniques were optimised and streamlined to allow the efficient
processing of large batches of nanobody for labelling. A key step in the purification
process was purifying out the unlabelled thiol-containing protein from the labelled
sample. Activated Thiol Sepharose 4B beads turned out to be excellent for purification.
The pull down experiment showed that these beads were capable of removing all of the
unbound protein.
The binding of the nanobody to EGFP was investigated using pull-down
techniques, as well as microscale thermophoresis techniques. Pull-down techniques
were not quantitative but they provided information that all prepared nanobody
constructs bind to EGFP, therefore their function was not lost upon alternation.
Microscale thermophoresis provided quantitative information and revealed that the
nanobody constructs, whether labelled or unlabelled, bound to EGFP on the nanomolar
scale.
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Bacterial expression of protein

Affinity chromatography (Ni2+ beads)

Ion-exchange chromatography

Size-exclusion chromatography

Labelling

Mono S column, pH 5.5

(optional)

Commercially available Alexa Fluor 647, at pH 7.0

Dialysis or size-exclusion chromatography,
or a combination of both

Purification from free dye

Purification from free protein

Analysis

HisTrap FF crude column, pH 7.4

Activated Thiol Sepharose 4B beads,
no reducing agents

GST-EGFP pull-down
Activated Thiol Sepharose 4B beads pull-down
MST
Absorption measurement
Fluorescence spectroscopy

Figure 3.14 Summary of the procedures for the production of a homogeneously monolabelled preparation of anti-EGFP nanobody.
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It can be concluded that 1×Cys nanobody was labelled with only one Alexa
Fluor 647 molecule. Using spectroscopy and measuring the absorption at 280 and 650
nm revealed the degree of labelling as 104%. Another option to confirm this would be
to perform mass spectrometry on the labelled nanobody, however, we did not perform
this because Alexa Fluor 647 mass is not specified by the manufacturer and could not be
established. Although Alexa Fluor 647 alone was submitted for mass spectrometry
using electrospray ionisation, a complicated list of peaks proved it impossible to
distinguish the molecular ion. However, if I labelled 1×Cys nanobody with a
fluorophore of the exactly known mass, the mass spectrometry experiment could be
conducted, which could be a good option to explore in the future. The protein is now
ready for use in dSTORM experiments.
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Chapter 4:
Single-molecule localisation in dSTORM	
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4.1 Introduction
Direct stochastic optical reconstruction microscopy (dSTORM) is a fluorescence
microscopy technique allowing visualisation of structures below the resolution limit
(Heilemann et al., 2008). Small organic fluorophores are driven into a long-lived dark
state where they reside for a stochastic period of time. Molecules not in this dark state
are observed through standard diffraction limited microscopy.

In dSTORM the

majority of the molecules at any one time are in this dark state, effectively decreasing
the density of fluorescent molecules observed in any single camera exposure. By
collecting a large number of individual frames, the isolating point spread functions of
single fluorophore emissions can be localised to sub-pixel resolution. Combining all of
these localisations generates a super-resolution map with typically 10 nm localisation
precision.

As mentioned in Chapter 1, dSTORM is currently not a quantitative

technique for two main reasons. First, the reliance of staining on divalent primary and
commercially available fluorescent secondary antibodies results in a non-stoichiometric
staining of the target protein (one target protein can have multiple fluorophores linked
to it via the antibodies). Second, individual fluorophores undergo repeated cycling
between light and dark states, resulting in multiple localisations from a single
fluorophore.
In Chapter 3 we attempted to solve the first issue, of multiple fluorophores on
antibodies denoting the position of each target protein, by producing a homogeneous,
mono-labelled nanobody preparation. This should provide a small, highly specific label
for the target protein, in this case EGFP, with the position of the EGFP molecule
labelled by a single nanobody carrying a single fluorophore. However, the issue of
repeated localisation of the fluorophore as it cycles between the light and dark states
remains and needs to be addressed. Since stochastic on/off switching of fluorophores is
the fundamental principle of dSTORM, the way in which fluorophores cycle through
light and dark states has to remain intact. To help distinguish the adjacent signals,
another parameter needed to be employed - polarisation. As it was explained in section
1.2.2, the degree of polarisation can be established experimentally by measuring
fluorescence intensities parallel (I||) and perpendicular (𝐼" ) with reference to the plane of
linearly polarized excitation light:
# %#

p =	
  #‖'#&	
  	
  	
  	
  	
  	
  	
  	
  (1.3)
‖

&
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Using this approach fluorescent signals originating from the same fluorophore would
have the same dipole orientation and the same polarisation value. These localisations
could then be joined together into a single localisation. Adjacent fluorophores would
most likely have different dipole orientations (the orientation of dipoles would be
random), resulting in different polarisation values which would not be linked. In this
way repeated localisations of high density fluorophores could be disentangled and the
number of target molecules counted.
In this chapter, the nanobody construct bound with Alexa 647 will be
investigated in dSTORM to study its performance in a number of samples. Initial
testing focussed on isolated nanobodies and antibodies on glass, followed by cellular
staining of isolated EGFP in cells and actin. Throughout these studies, quantitative
approaches were used to measure the accuracy of labelling in a quantitative manner. To
measure polarisation of fluorophores, a polarisation splitting optical relay was designed
with the purpose of splitting light emerging from every fluorophore into two
components of two orthogonal polarisations. Because the ratio of 𝐼‖ and 𝐼" depends on
the orientation of the fluorophore's dipole, it can supplement data from localisation and
describe more accurately the source of the signal. The polarisation splitter set-up was
designed to be placed between the commercial widefield microscope and the EMCCD
camera.

Through the combination of stoichiometric labelling with polarisation

measurements, we aimed to adapt dSTORM for a quantitative technique, which we
called pSTORM, i.e. polarised dSTORM.

4.2 Imaging of F(ab')2 antibody fragments and nanobody samples on
glass in dSTORM
Following the successful purification of homogeneously mono-labelled antiEGFP nanobodies in Chapter 3, I wanted to investigate how the 1×Cys Alexa 647
labelled nanobody behaves under dSTORM conditions compared to the commercially
available F(ab')2 antibody fragment labelled with the same fluorophore. The F(ab')2
fluorescently labelled antibody fragments are commonly used as secondary antibodies
in both standard immunofluorescence microscopy and more recently in dSTORM
experiments. For these experiments I used Alexa Fluor 647 F(ab')2 fragment of Goat
Anti-Mouse IgG (H+L) immobilised on glass (for methods see section 7.4.1). The
antibody fragments were deposited on the glass surface such that their density was
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sufficiently low that the vast majority of antibodies would be separated by more than
the FWHM of a PSF. The immobilised antibody fragments were placed in dSTORM
buffer. When subjected to high energy laser illumination in TIRFM, the antibody
conjugated fluorophores entered the dark state characteristic of dSTORM (for methods
see sections 7.4.4, the dSTORM technique is presented in Figure 1.7). The cycling of
molecules between dark and light states is apparent in the raw microscopy data as
isolated flashes equivalent to point spread functions observed in individual frames
(Figure 4.1A). As can be seen, the majority of fluorophores appear and disappear in a
spatially random manner across the field of view. Some fluorophores are on for a
number of sequential frames, however, this phenomenon is compensated for in post
analysis. As the individual flashes are spatially resolved the raw data of the whole
dataset can be processed for localisation in ThunderSTORM (for methods see section
7.4.7). The localised data, which now has sub pixel localisation precision, can be
displayed in a number of ways. First, an image was computed where each localised
flash event was given a spot a diameter equivalent to half the wavelength of the Alexa
647 emitted light, which is 665 nm (Fernández-Suárez and Ting, 2008). The resulting
rendered image shows the fluorophores as they would look like in the diffraction limited
experiment, equivalent to viewing all of the flash events at the same time (Figure 4.1B).
The pixel size in this calculated image is equivalent to the pixel size in the raw data.
However, as the precision of localisation is of the order of 10 nm, a higher resolution
image can be computed. By setting the size of individual localisations to their lateral
uncertainty and decreasing the pixel size in the image (effectively magnifying the field
of view beyond the physical optical magnification used) a super-resolution dSTORM
image was calculated (Figure 4.1C). Here, as typical for dSTORM, single molecules
can be elucidated, and the clustering pattern can also be examined. From a visual
appraisal of this field of view there are apparent clusters of localisations which would be
expected for molecules undergoing repeated localisation and multiple fluorophores per
single antibody fragment.
The same strategy was used to assess nanobodies on glass undergoing
dSTORM. Figure 4.2 shows the data obtained in the dSTORM experiment on glass
using the 1×Cys Alexa 647 labelled nanobody sample. As in the case of the labelled
F(ab')2 fragment, isolated flashes in a number of consecutive frames are observed,
equivalent to point spread functions seen in individual frames (Figure 4.2A). As can be
seen here also, the majority of fluorophores appear and disappear in a spatially random
manner across the field of view, which is analogous to what we observed with the
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B
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Figure 4.1 Single F(ab’)2 antibody fragments on glass bearing multiple Alexa Fluor 647
molecules undergoing dSTORM. (A) A montage of 15 consecutive frames from a typical
experiment of 10,000 frames. Scale bar, 2 μm. (B) Summed dSTORM experiment data showing
all individual localised molecules with pixel size equivalent to that in the raw data and rendered
with a lateral uncertainty equivalent to the FWHM of the PSF for this fluorophore, scale bar 1 μm.
(C) Rendered dSTORM image of all localisations. As each localisation is to sub pixel accuracy the
size of the pixel has been reduced by 100. The diameter of each spot is equivalent to the
calculated uncertainty of the localisation, scale bar 1 μm.

140

A

B

B

C

Figure 4.2 Single molecules of 1×Cys nanobody on glass bearing a single Alexa Fluor 647
molecule undergoing dSTORM. (A) A montage of 15 consecutive frames from a typical
experiment of 10,000 frames. Scale bar, 2 μm. (B) Summed dSTORM experiment data showing
all individual localised molecules with pixel size equivalent to that in the raw data and rendered
with a lateral uncertainty equivalent to the FWHM of the PSF for this fluorophore, scale bar 1 μm.
(C) Rendered dSTORM image of all localisations. As each localisation is to sub pixel accuracy the
size of the pixel has been reduced by 100. The diameter of each spot is equivalent to the
calculated uncertainty of the localisation, scale bar 1 μm.
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labelled F(ab')2 fragment (Figure 4.1A). This was to be expected, as we deal with the
same fluorophore in both cases.

This indicates, that the in-house sample of the

nanobody prepared as described in Chapter 3 works very well in dSTORM. Next, just
like in case of the labelled F(ab')2 fragment, an image was computed where each
localised flash event was given a spot in diameter of half of the Alexa 647 wavelength
of the emission maximum, and the resulting rendered image shows the fluorophores as
they would look like in the diffraction limited experiment, equivalent to viewing all of
the flash events at the same time (Figure 4.2B). The pixel size in the calculated image
is the same as the pixel size in the raw data. As was the case of the labelled F(ab')2
fragment (Figure 4.1B), the image rendered is blurry and a significant amount of
information is lost, where single molecules cannot be distinguished. Analogous to the
F(ab')2 fragment, after localisation and processing in ThunderSTORM (Methods 7.4.7),
every signal coming from the labelled nanobody could be precisely located and the
clustering also examined. The sample is more dense than the one of the labelled F(ab')2
fragment due to the differences in concentration but could be also because of the
differences in attachment of the nanobodies and F(ab')2 fragments to glass. Both figures
show that the labelled F(ab')2 and labelled nanobody produced successful data on glass
in dSTORM mode and at the first glance look very similar. Clusters of localisation are
observed in both F(ab')2 fragment and nanobody cases. Despite the fact that, in reality,
single nanobodies on glass would be equally distributed on the glass surface and not
form physical clusters, the method of data acquisition results in signal clustering from a
single fluorophore. The same should be observed for Alexa 647 molecules on F(ab')2
fragments, however, the effect should be enhanced as multiple fluorophores are attached
to the same F(ab')2 fragment therefore the physical clusters also exist, so more
localisations per cluster are expected. To check our hypothesis, the quantitative and
statistical analysis of the clustering is required and we employed Bayesian cluster
analysis to achieve that.

4.3 Analysing localisation clusters using Bayesian cluster analysis
Bayesian cluster analysis deals with the evaluation of single molecule
localisation microscopy data to identify clusters without the need of any parameters set
by a user (Rubin-Delanchy et al., 2015). The problem with a requirement for human
intervention in cluster analysis is that the human eye is prone to bias and there is a
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significant possibility of false perception of clusters. Bayesian cluster analysis is an
adaptation of the Franklin-Gettis method for Ripley's cluster analysis. The FranklinGettis approach takes each localisation in turn and determines the number of neighbours
within a defined radius. The resulting number of neighbours is then used as a score for
the parent localisation. A subsequent arbitrary threshold is then applied to the identified
molecules which reside in clusters (i.e. they have a larger number of neighbours than the
set threshold). Molecules above this threshold but within the radius threshold are then
linked. This has been used to identify clustering in cells (Williamson et al., 2011).
However, this approach is fundamentally flawed due to the requirement for a user to set
both a radius and density threshold. Varying these values fundamentally changes the
number of detected clusters, their size and number of localisations contained within.
Bayesian analysis extends the Franklin-Gettis approach to measure a large range of
thresholds and radii and then compares this to a model using Bayesian statistics (RubinDelanchy et al., 2015). The analysis runs automatically and the software determines the
clusters based on the model. In the paper by Rubin-Delanchy et al. they state that this
approach is not recommended for dSTORM data as it is dominated by clusters resulting
from multiple fluorophores on antibodies and repeated localisations due to the
dSTORM switching. However, as we want to measure these two issues, and not any
underlying clustering of target proteins, this approach is valid.
Bayesian cluster analysis was applied to a dataset acquired for both Alexa 647
labelled F(ab')2 fragment and 1×Cys Alexa 647 labelled nanobody immobilised on the
glass substrate (Figure 4.3). A sub region was selected at random from dSTORM data
from Alexa 647 labelled F(ab')2 fragment experiment, localised in ThunderSTORM
(Figure 4.3A). It is shown in two representations with localised flash events given a
spot in diameter equivalent to half the wavelength of the Alexa 647 emitted light
(Figure 4.3A(i)) and a high resolution image with individual localisations rendered with
size equal to the lateral uncertainty (Figure 4.3A(ii)). Observing by eye, there are
distinct clusters of localisations of different sizes visible, although it is important to note
that the image is scaled to the brightest point in the image. Following Bayesian cluster
analysis (see Methods 7.4.8), a pseudo-coloured heat map (Figure 4.3B(i)) was
produced presenting log(posterior probability) for a variety of values of different radii
and thresholds. The information included in this map helps to determine the most likely
combination of radius and threshold to accurately represent the clusters in the image
(the darkest blue region on this colour scale). For each individual dataset the optimum
radius and threshold has the highest posterior probability score and is selected for
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Figure 4.3 Automated detection of clusters of localisations from isolated F(ab’)2
antibody fragments and 1×Cys nanobodies labelled with Alexa Fluor 647. (A) dSTORM
experiment of isolated F(ab’)2 antibody fragments on glass. (i) Rendered with pixel size
equivalent to that in the raw data and rendered with a lateral uncertainty equivalent to the
FWHM of the PSF for this fluorophore. (ii) Rendered dSTORM image of all localisations with
the size of the pixel reduced by 50. The diameter of each spot is equivalent to the calculated
uncertainty of the localisation. (B) F(ab’)2 antibody fragment cluster analysis using Bayesian
cluster identification. (i) A heat map showing the log(posterior probability) for a range of values
of radius (r) and threshold. Blue represents the most probable combinations according to the
model. (ii) The cluster proposal based on the highest scoring radius and threshold
combination. (C) dSTORM experiment of isolated 1×Cys labelled nanobodies on glass. (i)
Rendered with pixel size equivalent to that in the raw data and rendered with a lateral
uncertainty equivalent to the FWHM of the PSF for this fluorophore. (ii) Rendered dSTORM
image of all localisations with the size of the pixel reduced by 50. The diameter of each spot is
equivalent to the calculated uncertainty of the localisation. (D) 1×Cys labelled nanobody
cluster analysis using Bayesian cluster identification. (i) A heat map showing the log(posterior
probability) for a range of values of radius (r) and threshold. Blue represents the most probable
combinations according to the model. (ii) The cluster proposal based on the highest scoring
radius and threshold combination. All scale bars 500 nm.
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generation of a cluster map from which further calculations are performed (Figure
4.3B(ii)). Distinct clusters are highlighted with random colouring to help distinguish
clusters which may be close together.
The dSTORM data of 1×Cys Alexa 647 labelled nanobody samples on glass was
analysed in an identical way to that of Alexa 647 labelled F(ab')2 fragments. Again, a
sub region was randomly selected, which is shown in a diffraction limited
representation of all localised signals (Figure 4.3C(i)), and high resolution data of single
signals with applied lateral uncertainty value (Figure 4.3C(ii)). As in case of Alexa 647
labelled F(ab')2, clusters of localisations are visible to the naked eye.

Following

Bayesian cluster analysis, a 1×Cys Alexa 647 labelled nanobody heat map was
produced showing the range of log(posterior probability) scores for the range of
thresholds and radii examined (Figure 4.3D(i)), with the optimum setting indicated with
a dark blue colour. For each individual dataset the highest scoring solution was used to
create a cluster map as before (Figure 4.3D(ii)). A visual appraisal of the cluster map
indicates that the clusters of localisations for the 1×Cys Alexa 647 labelled nanobody
sample are at a slightly higher density (most likely due to the higher concentration
immobilised) and that the cluster size is more uniform compared to the Alexa 647
labelled F(ab')2 fragment. However, to determine if there is a difference required the
analysis of multiple samples in a quantitative manner.
After detecting the clusters of localisations, in the datasets from 1×Cys Alexa
647 labelled nanobody and Alexa 647 labelled F(ab')2 fragment immobilised on glass, it
was possible to extract quantitative information about each individual cluster (Figure
4.4). From multiple fields of view for, both preparations, the size of each individual
cluster of localisations was measured and is displayed as both a histogram (Figure
4.4(i)) and box plot (Figure 4.4(ii)). According to the histogram showing the cluster
sizes of both Alexa 647 labelled F(ab')2 fragments and 1×Cys Alexa 647 labelled
nanobody cluster data (Figure 4.4A.(i)) we can see that the fluorophores on F(ab')2 and
nanobodies produce similarly sized clusters in dSTORM, with the median clusters of
approximately 20 nm radius. The lower whisker spans from 2 to 14 nm in both cases
for F(ab')2 and nanobody, while the lower quartile to median reaches from 14 nm to 20
nm in both cases. From median to the upper quartile we observe more variety between
two samples - a span from 20 to 33 nm for a nanobody sample cluster radius and 20-28
nm for the F(ab')2 sample cluster radius, while from upper quartile to the upper whisker
designate the cluster sizes with 33-60 for the nanobody and 28-48 for the F(ab')2
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Figure 4.4 Comparison of the clustering of dSTORM localisations originating from isolated
F(ab’)2 antibody fragments and 1×Cys nanobody, both labelled with Alexa Fluor 647. (A)
Detected clusters of localisations from the Bayesian cluster analysis were measured for cluster
size and are presented as a (i) frequency histogram and (ii) box plot for nanobodies (black) and
F(ab’)2 antibody fragments (grey). (B) Detected clusters of localisations from the Bayesian cluster
analysis were measured for the number of localisations in each cluster and are presented as a (i)
frequency histogram and (ii) box plot for nanobodies (black) and F(ab’)2 antibody fragments
(grey).The samples used in both cases were 1×Cys nanobody (928 clusters from 9 samples) and
F(ab’)2 antibody fragment (1213 clusters from 15 samples). For both measurements significance
was tested using a Mann Whitney test (**** indicates p<0.0001).
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clusters. With the median of 20 nm for clusters of localisations from both the F(ab')2
and the nanobody samples, the performed statistical analysis using two-tailed Mann–
Whitney U test, showed the differences between cluster sizes as not significant. F(ab')2
carries multiple fluorophores as compared to the smaller nanobody with only one
fluorophore but the cluster sizes appear the same.

This result is to be expected,

however, as we are observing the cluster of localisations from isolated F(ab')2 fragments
and nanobodies and their molecular size falls below the uncertainty of localisation. In
dSTORM experiments performed in cells, the differences would be more prominent,
due to the method of labelling, involving the target, primary and multiple secondary
antibodies, each carrying a number of fluorophore molecules.
The number of localisations observed in each cluster was then analysed. A
histogram showing the number of localisations within each cluster for the Alexa 647
labelled F(ab')2 fragments and singly-labelled nanobodies with Alexa 647 is shown. In
the histogram (Figure 4.4B(i)) we observe a difference between the number of
localisations from Alexa 647 between the F(ab')2 fragments and the nanobody samples.
By looking at the box plot, we can observe that the median value of the number of
localisations in the case of the nanobody is 20, while in case of F(ab')2 it is 25. The
result from the two-tailed Mann–Whitney U test shows the differences in the number of
localisations between these two different groups of clusters as statistically significant (P
< 0.0001). This confirmed our predictions that the labelled F(ab')2 would produce
significantly more localisations in dSTORM than singly-labelled nanobodies within a
cluster, simply because there are more fluorophores on F(ab')2. It is important to note
that in both samples the inherent number of fluorophores is apparently increased in the
recorded dSTORM data by the repeated cycling of fluorophores between the light and
dark states (the origin of the clusters of localisations for the mono-labelled nanobody
sample). Before we embark on the task of using the polarisation splitter to discriminate
the signals incoming from the same and different neighbouring fluorophores, we wanted
to observe our mono-labelled nanobody labelling cellular structures.

4.4 Imaging of Alexa Fluor 647 nanobody samples labelling isolated
molecules of EGFP in cells
Although the 1×Cys Alexa 647 labelled nanobody performed well on glass I
wanted to translate this experiment into a cellular context. As our nanobody construct is
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anti-EGFP, I used EGFP fused to SNAP-25. SNAP-25 is a synaptic protein situated on
the plasma membrane, which participates in synaptic vesicle trafficking and
neurotransmitter release during exocytosis (Hepp et al., 2002; Risinger and Bennett,
1999). The expression of this fusion protein was placed under the control of a crippled
CMV promoter, which has been shown to dramatically lower protein expression levels
(Das et al., 2015). This would permit me to observe single, isolated EGFP molecules on
the plasma membrane and the associated nanobody dSTORM localisations. However,
the use of the crippled CMV was insufficient to allow me to detect single EGFP-SNAP25 molecules at the plasma membrane due to crowding. To decrease expression levels
even further I co-transfected the cells with pBluescript II KS(+). The ratio of pEGFPSNAP-25 (crippled CMV) to pBluescript II KS(+) was 1 to 39. Subsequently, the cells
were immunostained using our anti-EGFP 1×Cys nanobody labelled with Alexa 647
using standard methods (section 7.3.5). The EGFP channel was visualised using high
power 491 nm laser. I was able to see single molecules of EGFP rapidly bleaching,
which is illustrated in Figure 4.5. Twenty consecutive frames are shown in Figure
4.5A, starting from the first frame and finishing at frame 20. Over these twenty frames
about 65% of the fluorescence intensity is lost. The experiment was taken over 1,000
frames, however less than 10% of the initial fluorescence intensity remains after the first
200 frames, which is represented by the curve shown in Figure 4.5B. This curve is the
bleaching of EGFP across the field of view.

Individual EGFP bleach events are

characterised by quantal bleaching steps. Next, we wanted to measure the spread of the
dSTORM signal from the Alexa 647 labelled 1×Cys nanobody (Figure 4.6). Following
acquisition of the EGFP fluorescent channel and complete bleaching, the Alexa 647 was
imaged under dSTORM conditions. Both individual EGFP molecules and Alexa 647
dSTORM blink events were then localised using ThunderSTORM. The diffraction
limited image in Figure 4.6A(i) was produced by applying a spot a diameter equivalent
to half the wavelength of the maximum peak of EGFP emitted light, which is 509 nm
(Patterson et al., 1997) to all localised signals in EGFP channel and applying a spot a
diameter equivalent to half the wavelength of the maximum peak of Alexa 647 emitted
light, which as was previously stated is 665 nm, to all localised signals in Alexa 647
channel. Even from the unmagnified diffraction limited images (Figure 4.6A(i)), which
do not give us any information on the single molecule level, we can see that the overlap
between the EGFP and Alexa 647 channels is very good. The outline of the cells is
clearly visible and both channels co-localize. To see how single molecules overlap a
super-resolution image was computed for both green and red channel with the spot
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Figure 4.5 Observation of single EGFP molecules fused to SNAP-25 in HEK293 cells. Cells
were also labelled with the 1×Cys Alexa 647 conjugated anti-EGFP nanobody for subsequent
measurement of dSTORM localisation clustering. (A) First consecutive 15 frames showing rapid
bleaching of the ultra-low expressed EGFP, scale bar 10 μm. (B) Z-axis profile plot of bleaching
EGFP molecules over 200 frames. The fluorescence intensity was normalised to 100.
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Figure 4.6 Clustering of dSTORM localisations around individual EGFP molecules in a cell.
Ultra-low expression of EGFP-SNAP-25 was labelled with 1×Cys nanobody with conjugated
Alexa 647 in HEK293 cells. (A) (i) Summed dSTORM experiment data showing all individual
localised molecules with pixel size equivalent to that in the raw data and rendered with a lateral
uncertainty equivalent to the FWHM of the PSF for this fluorophore, scale bar 10 μm. (ii)
Rendered dSTORM image of all localisations. As each localisation is to sub pixel accuracy the
size of the pixel has been reduced by 50. The diameter of each spot is equivalent to the calculated
uncertainty of the localisation, scale bar 10 μm. (B) A quiver diagram from a sub region of the cell
shown in (A) with dSTORM localisations (red spots) linked to their nearest EGFP molecules
(green spots) by an arrow. (C) A cloud plot of Alexa 647 molecules surrounding the nearest EGFP
molecule. All detected EGFP molecules and nearest neighbour associated dSTORM localisations, from multiple fields of view, were translated such that the EGFP molecules all have a 0,0
Cartesian coordinates. The surrounding cloud of localisations was then used to generate a 2D
histogram of a probability distribution. The white dotted circle shows the FWHM of the probability
distribution corresponding to a diameter of 19 nm. Data generated from 4 cells, 17,779 EGFP
molecules and 142,479 dSTORM localisations.
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diameter set to the lateral uncertainty of the localisation fit (Figure 4.6A(ii)). Here we
also see that both channels largely overlap.
We cannot assess the data well just from the visualised image, therefore further
processing had to be carried out. The aim was to measure the spread of dSTORM
localisations surrounding each EGFP molecule. To achieve this a nearest neighbour
approach was employed to link all of the dSTORM localisations to their nearest EGFP
molecule (script written by Colin Rickman). This is depicted in Figure 4.6B where the
dSTORM localisations from the Alexa 647 labelled 1×Cys nanobody are shown in red
and linked with black arrows to their nearest EGFP molecule. We see that multiple
Alexa 647 signals are connected to the same EGFP. This does not mean that there are
multiple fluorophores associated with this EGFP, but is rather what we would expect in
the dSTORM experiment, where a single fluorophore undergoing dSTORM is localised
multiple times. Using this data, a cloud plot was created (Figure 4.6C), which shows
the probability of a dSTORM localisation within a 100 nm radius of an EGFP molecule.
To produce this graph, all localised EGFP molecules’ Cartesian coordinates were
translated to the origin. Alexa 647 molecules were also translated relative to the EGFP
molecules to which they were linked in Figure 4.6B. This procedure was repeated for
all EGFP molecules in the field of view and for multiple cells. Overall 17,779 of EGFP
molecules were used to create the cloud plot. This resulted in a scatter plot of dSTORM
localisations centred around the origin.

A probability density histogram was then

computed to display the probability of a dSTORM localisation at any distance from the
origin. The greatest probability of the molecule being found at a certain coordinates
relative to EGFP is shown by the colour scale on the right side of Figure 4.6C. Red
colour denotes the highest probability, while the light blue the least probability. The
dotted white circle in the middle of the cloud plot corresponds to the FWHM of the
central EGFP peak with a diameter of 19 nm.	
   	
   100 nm was chosen as the limit as the
probability of dSTORM detection is already extremely low at these distances. The
majority of dSTORM localisations from Alexa 647 labelled 1×Cys nanobody are within
20 nm from each EGFP. The probability of the localisation of Alexa 647 rapidly
decreases in the 20-100 nm radius. The above data shows that our in-house singly
labelled 1×Cys nanobody with Alexa 647 can successfully detect EGFP molecules and
with a high lateral precision and low localisation spread. This technique can be used
against not only EGFP but also any protein, against which a nanobody is raised and
subsequently labelled by our method shown in Chapter 3.
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4.5 Imaging of Alexa Fluor 647 nanobody samples conjugated to
EGFP-Lifeact marker to visualize F-actin
Actin filaments are excellent cellular structures for imaging in super-resolution
microscopy, including dSTORM, and have already featured in a number of articles
using the method (Heilemann et al., 2008; Lehmann et al., 2016). Actin, the most
abundant protein in the majority of eukaryotic cells, is highly conserved (Dominguez
and Holmes, 2011). It is involved in more protein-protein interactions than any other
known protein. It can transition between a monomeric G-actin state and a filamentous
F-actin state.

This process is controlled by nucleotide hydrolysis, ions and large

amounts of actin-binding proteins. Actin participates in many cellular functions such as
cell movement, maintenance of cell shape and polarity, regulating transcription. In
addition, F-actin together with another protein, myosin, is the key player in the
mechanism of muscle contraction (Dominguez and Holmes, 2011). Actin is a major
protein of the cytoskeleton, polymerizing to form actin filaments, which are typically
about 7 nm in diameter with a length of up to several micrometers (Cooper, 2000).
Actin has been visualised in fluorescence microscopy using fluorescently
labelled phalloidin, an F-actin-binding and stabilizing toxin (Schmit and Lambert,
1990), also technically demanding injection of the fluorescently labelled actin into cells
was performed (Taylor and Wang, 1978). A versatile marker to visualize F-actin has
also been reported, binding to the protein with nanomolar affinity (Riedl et al., 2008).
This marker, Lifeact, was chosen to visualise actin in my research. It is a peptide made
of 17 amino acids, which binds to the filamentous actin structures in eukaryotic cells
and tissues.

I used pEGFP-N1-Lifeact to label actin with EGFP, and then

immunostaining with Alexa 647 labelled anti-EGFP 1×Cys nanobody to visualise the
fine cellular structures and assess the thickness of the actin cross section. The labelled
cell was then imaged using standard TIRFM acquisition for the EGFP-Lifeact signal,
and under dSTORM conditions to observe the Alexa 647 labelled anti-EGFP 1×Cys
nanobody (Figure 4.7A). In the EGFP channel we can clearly see actin fibres (Figure
4.7A(i)) however the thickness of actin fibres in reality is significantly smaller than the
diffraction limit of the microscope. Here they appear in thickness at approximately half
the wavelength of the emitted light; in the case of EGFP ~260 nm. We see elongated
fibres spanning the entire cell, however, where fibre density increases the ability to
resolve fibres is lost. Due to the improved resolution in the dSTORM image the
individual fibres can be resolved even in areas with high densities of fibres (Figure
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Figure 4.7 Detection of actin filaments using the Alexa 647 conjugated 1×Cys anti-EGFP
nanobody. (A) (i) Actin in HEK293 cells was marked with the Lifeact dye fused to EGFP,
diffraction limited image, (ii) rendered image of actin visualised with Alexa 647 conjugated 1×Cys
anti-EGFP nanobody acquired in dSTORM (iii), superimposed images of actin visualised with
Lifeact dye fused to EGFP and dSTORM data. Scale bars, 5 μm. (B) (i) A magnified image of an
actin fibre as observed in the rendered dSTORM data. The yellow line was drawn perpendicularly
to the actin fibre. This field of view is also shown in (A,ii) with a yellow rectangle. Scale bar 0.5
μm. (ii) A plot profile describing the thickness of the fibre. The raw data is shown in red, the data
fit to a Gaussian distribution is shown in blue.
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4.7A(ii)).

The image was rendered following localisation of blink events using

ThunderSTORM. The displayed spots account for the lateral uncertainty, which reflects
the errors in localisation. The overlay of the diffraction limited EGFP-Lifeact channel
with the rendered dSTORM localisation image shows a high degree of overlap of the
two signals as would be expected (Figure 4.7A(iii)) with the enhancement as a result of
the dSTORM method readily apparent. I wanted to measure the thickness of a single
actin fibre observed using our super-resolved nanobody staining compared to the
ground truth thickness of a single actin fibre. A section of Figure 4.7A(ii) was enlarged,
denoted by a yellow rectangle, and is presented in Figure 4.7B(i). A vertical line
perpendicular to the actin fibre was drawn across the fibre and its thickness was
assessed by creating a plot profile (Figure 4.7B(ii)). The data represented by a red line
shows the normalised intensity in the rendered image against the distance. The data was
analysed in GraphPad prism using Gaussian with non-linear regression, the fit is
represented with a blue line. The full-width at half maximum describing the fibre
thickness was calculated through 2.355σ, with σ being a standard deviation and turned
out to be 45 nm. As previously mentioned, the actin fibre is about 7 nm in diameter,
however, accounting for the size of the nanobody itself and errors in localisation
precision, the accuracy of depiction of this fibre is excellent. These experiments using
the anti-EGFP, Alexa 647 labelled 1×Cys nanobody have demonstrated it is an excellent
tool for use in dSTORM experiments and can provide more quantitative data than using
standard antibody based immunostaining. However, the issue of repeated localisation
of the sample fluorophore remains and we therefore turned our attention to resolving
this issue.

4.6 Design and production of the polarisation splitter for dSTORM
The inability to discriminate between repeated localisation of the same
fluorophore or whether the signal originates from multiple fluorophores limits the
quantitative nature of dSTORM. Decreasing the density of labels on the labelling agent
(antibody or nanobody) goes somewhat to solving the problem, however, we need a
way to discriminate fluorophores. As all of the fluorophores are of the same species we
cannot use wavelength, blinking characteristics or lifetime as a way to resolve organic
fluorophores of the same chemical species. However, theoretically the orientation of
the fluorophore in space should be random and hence the underlying dipole should also
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be randomly orientated for each fluorophore. In section 1.2.2 I have discussed the
concept of polarisation as one of the fundamental properties of light. It was stated that
when the linearly polarised light falls on a fluorophore, the likelihood of the photon
absorption is dependent on the fluorophore’s dipole orientation. Likewise, the intensity
of the light emitted by the fluorophore is also dependent on the fluorophore’s dipole and
can be split into two different orthogonal components, according to the formula:
p=

#ǁ %#&
#ǁ '#&

(1.3)

Where p is the degree of polarisation and and Iǁ‖ and I⊥	
   denote intensities of the light
parallel and perpendicular to the detection plane. Splitting of the light into two
orthogonal polarisation components can be achieved with the use of a custom-built
polarisation splitter (Figure 4.8, design by Paul Dalgarno from Heriot-Watt University).
The device, which would have to be placed in between the microscope after the
emission filter and the EMCCD camera was designed to ensure two pathways of light
with identical lengths. The same length of both pathways and identical magnification
was crucial for accurate intensity measurements from both channels. Upon leaving the
microscope, the light was split into parallel and perpendicular components at the first
polarising beam splitter. Those two separated light components are travelling inside
tubular components of the splitter encountering a set of mirrors and lenses through
which the light is directed to the camera detector. The purpose of the mirrors and lenses
is to provide appropriate focus and ensuring that both pathways of light are the same in
terms of length and magnification.

The light paths never combine again but are

separately detected on the camera detector side by side on the camera chip, creating two
superimposable fields of view with different intensities in each signal. The ratio of two
polarisations depends on the dipole orientation of each fluorophore. Since it is unlikely
that two neighbouring fluorophores will have the same dipole, separation on the basis of
polarisation ratio should be possible.
Before being attached to the microscope, the device had to be properly aligned
to ensure both simultaneously recorded channels had the same magnification. The
position and lengths of all splitter components was determined experimentally (the list
of the components can be found in the Appendix (Chapter 8, section 8.3). Initial
experiments on fluorescent beads showed the persistent problem of different
magnification in each of the two arms of the splitter, which could not be fixed by
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Figure 4.8 The design of the polarisation splitter. (A) A scheme of the splitter will all major
components.The light path of a standard dSTORM microscope is modified and light collected
from each fluorophore (violet line) is separated into two components (red and blue lines) with
orthogonal polarisations, which are simultaneously recorded on the camera. The ratio of the two
polarisations (P║ and P┴) depends on the dipole orientation of each fluorophore. The light paths are
denoted by black arrows. (B) The components of the splitter with lengths (mm) of particular
components are listed (Paul Dalgarno).

156

A

B

100

Intensity (%)

80
60
40
20
0

0

100

200

300

400

500

600

700

800

Degrees

Figure 4.9 Initial experiments with the polarisation splitter. (A) Fluorosphere 200 nm beads
as seen using the polarisation splitter, (i) the image from two channels (P║ and P┴) side by side.
(ii) The image of the beads from superimposed channels. Overlap of the two channels is excellent
showing near identical magnifications. (B) Polariser experiment with images recorded every 10
degrees (over 720 degrees in total) shows agreement in corresponding light intensities in both
channels proving that the concept is valid. The plot shows polarisation intensities at a point shown
with the arrows. Smooth Marked Scatter setting (Microsoft Excel) was used to create the plots.
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alignment alone. The difference was not substantial, however even 1% of the path
discrepancy would contribute to the alignment varying by several pixels.

We

redesigned the splitter several times and finally chose kinematic cage cube platforms
with 30 mm cage cubes with dichroic filter mounts (final design of the splitter with all
components is shown in Figure 4.8B). This provided identical magnification in each
polarisation channel which was proven in experiments using Fluorosphere beads, where
the images from both channels were simultaneously recorded (Figure 4.9). Only the
magnification and the light intensity in both channels was assessed, rather than the
polarisation ratio, as the beads do not have a resolvable dipole. Two separate channels
with light of parallel and perpendicular polarisations are shown (Figure 4.9A). Part (i)
of the figure shows the picture of the beads in both channels at once. The field of view
looks almost identical in both channels. The channels were then superimposed by
changing the position of the mirrors and it indeed turned out that the magnification in
both channels and hence two pathways, are identical (Figure 4.9A (ii)). The intensity of
light in each channel is halved, therefore the beads in the superimposed image is
brighter. We wanted to see if the magnification in both channels could be quantified,
therefore we decided to run an experiment involving a linear polariser which was fixed
on a cage rotation mount and rotated over 360°. The polariser was rotated in steps of
10°, each time recording an image in both channels. As the rotation was proceeding, I
could observe the maximum intensity of the beads in the left channel and no light in the
right channel, as the rotation progressed, I was able to see the intensities equalising
stepwise and subsequently the intensities in both channels were reversed, with no light
coming from the left channel and maximum intensity in the other channel.

The

experiment was taken over 720 degrees, with two full rotations of the polariser. I have
concentrated on only one bead, shown in Figure 4.9A with an arrow and recorded its
intensity as the polariser was turning. 72 pictures were recorded after each turn of the
polariser, collected into a stack and the plot of intensities in both channels was created
(Figure 4.9B). The left channel plot (red line, corresponding to the point in Figure 4.9A
shown with a red arrow) is a mirror image of the right channel (blue line, corresponding
to the point in Figure 4.9A shown with a blue arrow), which describes the agreement in
corresponding light intensities in both channels proving that the concept is valid and the
magnification in both channels is identical. As the experiment proceeded, the intensity
in both channels was decreasing due to the fluorophores' bleaching.
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4.7 Application of polarisation to study 1×Cys nanobody labelled with
Alexa Fluor 647 on glass
Having carried out the initial experiments on beads, we decided to perform the
experiments with the 1×Cys nanobody labelled with Alexa 647. Alexa 647 has a
dipole, so it was possible to collect data from both channels, superimpose the images
and to create a polarisation map using the degree of polarisation formula (1.3). Because
this experiment required a perfect alignment of both channels, first I recorded the image
of the fluorescent 500 nm beads. Beads do not undergo dSTORM, so the experiment
was carried out in the normal widefield mode. Both channels were recorded in one field
of view, therefore the channels were split prior to analysis. Having two sets of images,
one from each channel, I estimated the parameters to translate the right channel with the
reference to the left channel, so that images from both channels could be ideally
superimposed.

The parameters of the registration were recorded.

Left and right

channels depicting the beads after registration (Figure 4.10A(i) and (ii)) were ideally
superimposed (Figure 4.10A(iii)).

The experiment using Alexa 647 on glass was

recorded straight after imaging of the beads, so that the settings of the microscope
remained the same, however, the experiment was carried out under dSTORM conditions
with TIRF illumination. To allow registration of the dSTORM data, the image was split
and registration applied using the translation values determined using the beads. This
registration correction was applied to all 10,000 frames. To illustrate the process, one
corresponding frame from Alexa 647 left and right channels are shown separately
(Figure 4.10B, (i) and (ii)), and then superimposed (Figure 4.10B (iii)). The majority of
signals in both separate channels seem to be in the same place, however, there are
particular signals which do not appear in the corresponding frames in both channels, or
are more prominent in one channel and not the other. This suggests that the dipole of
the fluorophore whose signal is only present in one channel must be lying parallel to the
electric field of the excitation light, where the chance of the photon absorption is the
highest, this is in the channel where the fluorophore appears. In the other channel, the
incoming light must be oriented perpendicular to the fluorophore and so the excitation
does not occur and we see no signal. The polarisation map (Figure 4.10C) was created
according to the formula (1.3). 10,000 maps were created, one for each frame but here
only the map resulting from the frames shown in Figure 4.10B is shown. This set of
10,000 maps could be later assessed to discriminate fluorophores in both channels.
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Figure 4.10 Use of the polarisaiton splitter on Alexa 647 conjugated 1×Cys anti-EGFP
nanobodies immobilised on glass. (A) TetraSpeck Fluorescent Microspheres, 0.5 μm, raw
data. (i) Channel P║ and (ii) channel P┴, (iii) both channels superimposed. (B) Alexa 647
conjugated 1×Cys anti-EGFP nanobody under dSTORM acquisition, (i) channel P║ and (ii)
channel P┴, (iii) both channels superimposed according to the translation parameters obtained
from the alignment of TetraSpeck beads. (C) A polarisation map calculated with a formula
(I║-I┴)/(I║+I┴). All scale bars 3 μm.
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4.8 Application of polarisation to study 1×Cys nanobody labelled with
Alexa Fluor 647 in cells
After initial experiments involving the polarisation splitter and 1×Cys nanobody
labelled with Alexa 647, I conducted experiments involving the labelled nanobody
construct in HEK293 cells.

I used the previously studied pEGFP-N1-Lifeact to

visualize actin immunostained with 1×Cys nanobody labelled Alexa Fluor 647.

I

recorded the experiments using first the EGFP channel using 1,000 frames, followed by
the dSTORM experiment. I divided the EGFP picture using the same methods as in
section 4.7 and performed the translation, so that both images could be superimposable.
Although I recorded the bead data for registration, it was not necessary to use them,
because the signals from the actin fibres were strong enough and distinctive enough to
perform the alignment using them alone as reference. The raw EGFP data from the
parallel and perpendicular localisation channels is shown in Figure 4.11A(i). No
difference in intensity is observed between the two polarisation channels as the EGFP
density is high enough that only average polarisation of all EGFP molecules in each
pixel is observed. Immediately after recording the images in the EGFP channel, I
recorded the experiment in dSTORM mode. The information from 10,000 frames was
then registered using the translation settings determined, from the EGFP channel, and
both polarisation channels localised independently in ThunderSTORM (Figure 4.11
A(ii)). It is clear that both channels overlap to a great extent, however, there are some
differences in the intensities of the signals and some signals appear in the left channel
but not in the right channel and vice versa, which reflects the different orientation of
fluorophores. The data was then analysed in MATLAB to obtain a polarisation map of
the signals. Corresponding localisations in the two polarisation channels were analysed
using the formula (1.3) and the calculated photon values from the ThunderSTORM
localisation. The polarisation values were then displayed as a colour-coded map (Figure
4.11A(iii)). If two or more localisations within similar coordinates are depicted with the
same colour, this means that it is very likely that the subsequent neighbouring
localisation belongs to the same parent fluorophore. It is not easy to see the single
localisations clearly in Figure 4.11A(iii), therefore a fragment of the actin fibres was
zoomed in (Figure 4.11B). The map covers a broad span of different polarisation ratios
depicting distinct fluorophores. According to this map, the number of sources of signal
would be less than the number of localisations. This could be illustrated on the example
marked with a black rectangle. There are four localisations but only three distinct
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Figure 4.11 Measurement of polarisation dSTORM of actin filaments in HEK293 cells. Actin
was marked with Lifeact-EGFP and labelled using the Alexa 647 conjugated 1×Cys anti-EGFP
nanobody. (A) Images from both channels P║ and P┴ visualised with (i) EGFP and (ii) a rendered
image of localised dSTORM data from the Alexa 647 conjugated 1×Cys anti-EGFP nanobody. (iii)
polarisation map formed from images from P║ and P┴ channels calculated with the formula
(I║-I┴)/(I║+I┴).The intensity values for this calculation were derived from the localised dSTORM
data and correspond to the detected number of photons for each localisation in each polarisation
channel. The image was generated by colour coding each localisation by its calculated
polarisation. The size of each displayed localisation is determined by the uncertainty calculated
for the localisation in P║ (B) A magnified image of the fragment shown in (A)(iii) (C) A graph
showing the frequency of occurrence of degree of polarisation values between -1.0 and 1.0. (D)
A graph investigating if there is any dependence of uncertainty on the degree of polarisation.
There is no detected correlation, R2 = 0.041.
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colours. This means that these four signals originate from only three different sources,
because two signals have identical polarisation ratio.
The frequency of appearance of different polarisation values could also be
estimated (Figure 4.11C). As it can be seen, the most likely detected fluorophores have
a polarisation ratio between -0.20 and +0.35, which is a result of the analysis method
used. For the polarisation value to be calculated the fluorophore needs to be detected
and localised in both polarisation channels, therefore the signals with near-boundary
degrees of polarisation are lost. The graph shows the normal distribution slightly
shifted to the right, which is a result of the relative orientation of the polarised
excitation light relative to the detected planes of the emitted light. The graph of
polarisation vs uncertainty is also shown (Figure 4.11D). The purpose of it is to see if
there is any correlation between the polarisation value and the uncertainty of the
localisation value. A linear regression was applied to the data and the R2 value was
calculated to be 0.04, which indicates that there is no correlation between the
polarisation value and the uncertainty value.

4.9 Summary
In this chapter I have estimated the behaviour of the 1×Cys Alexa 647 labelled
nanobody in dSTORM and used this construct in polarisation dSTORM (pSTORM).
First, I confirmed that the construct is able to undergo dSTORM and compared it to the
commercially available antibody fragment. According to my expectations, both singly
labelled nanobody and multiply labelled F(ab’)2 fragments formed clusters of
localisations in dSTORM. In the case of the nanobody these clusters are a result of the
repeated localisation of the fluorophore in dSTORM, while in case of F(ab’)2 fragments
the clusters result not only from the repeated localisations but also multiple
fluorophores attached to a single antibody fragment.

According to the performed

calculations, the size of the clusters is not significantly different for both the nanobody
and antibody fragments. However, the number of localisations within the nanobody is
smaller than that of F(ab’)2, which also agrees with our predictions because statistically,
all fluorophores should appear in dSTORM on average the same number of times. In
case of F(ab’)2 fragments, there are more fluorophores within one cluster, so we
expected more localisations per cluster, which is what was observed.
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Next, I wanted to look at the way the 1×Cys Alexa 647 labelled nanobody
functioned in dSTORM experiments in a cellular context. However, I wanted to have a
known structure to compare the staining to. I chose to use single molecules of EGFP,
relative to which we could measure the dSTORM signal and actin. In the first case I
used a crippled CMV promoter titrated with a non-expression vector to obtain
extremely low expression of EGFP, which enabled me to observe single EGFP
molecules.

Then it was possible to compare the EGFP localisation with the

neighbouring or overlapping Alexa 647 signals. I could observe that both EGFP and
Alexa 647 fluorophores co-localise.

After localisation of all fluorophores and

calculations in MATLAB it turned out that the density of the Alexa 647 is indeed the
greatest in the radius of approximately 20 nm of a single EGFP centre, which shows the
precise labelling. In another experiment, I have also used Lifeact to label actin with
EGFP in bulk. Then I immunostained the sample to establish if we could use our
labelled nanobody construct to estimate the thickness of the actin fibre. My result was
~40 nm and although the actin fibre is in reality ~7 nm, the result is much below the
resolution limit, which we would expect from standard dSTORM. This was another
confirmation that our construct is readily applicable in dSTORM.

However, as I

mentioned in the Aims section (1.6.2.4), I needed to solve two problems in dSTORM to
make it quantitative. I managed to obtain singly labelled nanobodies, as was described
in Chapter 3.

In this chapter I approached the second problem, that of repeated

localisation, by employing an extra parameter in my experiments - polarisation. Two
developments were required for that - using the polarisation splitter which enabled me
to split and separately record the parallel and perpendicular polarisations and estimate
their ratio to establish if the signals come from the same or different fluorophores. For
this purpose I used the polarisation splitter, which enabled me to record images
simultaneously in both perpendicularly oriented channels. I was able to estimate which
localisation signals belonged to the same fluorophores and which to different
fluorophores. Although I am not absolutely sure that I can localise and discriminate
absolutely every signal, which would be ideal for the quantitative dSTORM experiment,
I can still decrease the number of signals arising in dSTORM as a consequence of
repeated localisations. Checking the accuracy of the measurement of the number of
fluorophores could be the subject of future work.
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5.1 Summary of results
The aim of my research project was to adapt dSTORM to be a quantitative
super-resolution microscopy technique. To do this, I had to solve two problems – the
first one dealt with the lack of quantitative labelling in dSTORM and the second with
the multiple localisation of the same fluorophore during dSTORM acquisition.

I

approached the first problem in two ways. Chapter 2 was dedicated to the design and
attempted synthesis of the homo-bifunctional bismaleimide linker, which would allow
conjugation of only one fluorophore to the IgG Fab’ fragment. That in turn would
allow 1:1 protein to fluorophore labelling. Although the target compound was not
synthesised, I made three other novel compounds and one compound which could
potentially be applied to fluorescence microscopy. Even though the synthesis of the
linker was not completed, we employed another method to attach a single fluorophore
to a protein. I used a mutated nanobody to create a unique binding site for a single
fluorophore. The design, production, labelling and purification the 1×Cys nanobody are
the subject of Chapter 3. Testing of the nanobody under dSTORM was performed in
Chapter 4 in a range of different dSTORM experiments, both on glass and in cells. In
that chapter I also described the design and application of the polarisation splitter,
which dealt with the problem of the multiple fluorophore localisation in dSTORM.

5.2 Interpretation of findings
5.2.1 Bismaleimide linker for quantitative labelling in dSTORM
For 1:1 fluorophore to protein labelling we needed to look for a protein construct
that would be able to recognise a protein of interest and have a unique binding site for a
fluorophore. Initially we developed a plan based on a Fab’ fragment, which had two
unique cysteine binding sites, therefore we designed a chemical linker that would attach
only a single fluorophore and react with both of the reduced Fab’ thiols. We designed a
bismaleimide linker that is reactive towards cysteines and has a primary amine with
which to attach an NHS-functionalised Alexa 647 moiety. I confirmed that the labelling
of the Fab’ would be favourable using computational chemistry methods, which
indicated that the product formation, made of the critical Fab’ hinge region and
bifunctional maleimide linker is energetically favourable. The bifunctional linker was
not commercially available, but the starting materials were, and I based the synthesis on
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the available literature. The synthesis was designed to take 4 steps, however, the
synthesis proved to be challenging. The first target molecule, Boc-protected N-2aminoethyl maleimide (4), whose synthesis was primarily based on the literature source
(van der Veken et al., 2005) was obtained in a much lower yield than the literature
reported. I had to eliminate a reagent producing a toxic by-product from the literature
procedure (BOP) and replaced it with a safer one (EDC/NHS) but the yields achieved
were initially around 10%, which was too low to carry out subsequent steps. Why the
van der Veken et al. reaction was successful and ours was not remains unexplained.
However, by splitting the reaction in two steps the maleimide ring-closing step was a
critical phase as this reaction was energetically unfavourable. I experimented with
different reagents and temperatures and was able to afford the Boc-protected N-2aminoethyl maleimide (4) in a reasonable 48% yield during a warmed reaction at 40 °C
using BTFFH reagent. This reagent gave better yields in couplings reported in the
literature (75-85%), although with different peptides (El-Faham, 1998). El-Faham also
used solid phase synthesis, while my synthesis was all performed in the solution phase.
The solution phase approach was chosen due to the relatively small size of my target
molecule, however, the solid phase route could be investigated in future and would
likely aid the purification. The standard procedure of Boc-deprotection (Isidro-Llobet et
al., 2009) to obtain N-(2-aminoethyl)maleimide trifluoroacetic acid salt (5) posed no
problems.
To proceed with the synthesis of the bifunctional linker, I first successfully
prepared Boc-NHS diester (47), where the quantitative yield was achieved, which was
an improvement from the published procedure of 46% (Koshi et al., 2008).
subsequent

model

reaction

using

phenylethylamine

instead

of

The
N-(2-

aminoethyl)maleimide salt (5) resulted in the required novel product of tert-butyl (S)(1,5-dioxo-1,5-bis(phenethylamino)pentan-2-yl)carbamate (49), although in a low yield
of 34%. Unfortunately, coupling of N-(2-aminoethyl)maleimide trifluoroacetic acid salt
(5) to the commercially available Boc-L-glutamic acid did not proceed as planned even
though the standard reagents were employed (EDC/NHS, PyAOP, HBTU). Since the
major

difference

between

the

model

reaction

and

that

with

Boc-N-(2-

aminoethyl)maleimide (5) was that the phenylethylamine was in free amine form and
Boc-N-(2-aminoethyl)maleimide was not, I added a large surplus of 27 base equivalents
to facilitate free amine formation and subsequent coupling between N-(2aminoethyl)maleimide trifluoroacetate salt (5) and Boc-glutamic acid (6) but the Boc	
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protected bifunctional linker (7) still was not formed. Perhaps the reason for the failure
was not a completely dry environment as NHS esters tend to hydrolyse in water
(Uptima, 2015). I therefore attempted another route starting from Boc-glutamic acid
dimethyl ester as inspired by previous publications (Chen et al., 2008; Wang et al.,
2003) and was able to perform the reaction up to the diamine derivative (62) step.
However, in the subsequent step I encountered the problem of opening of the maleimide
ring. Two maleimide groups were necessary for binding with two thiols of Fab’,
therefore closing of both the rings was crucial. I performed a model reaction on Bocethylenediamine and methoxycarbonylmaleimide to first synthesise an open-ring
compound and then progress with a ring closing reaction but the closed ring product
Boc-N-(2-aminoethyl)maleimide (4) was so low yielding (13%) that I believed that the
ring closing reaction of both maleimide group ends would result in too low a yield to
proceed with required analysis.
The bismaleimide linker was not produced but the outcome of the chemical
synthesis chapter are three novel compounds over the course of the project: tert-butyl
(S)-(1,5-dioxo-1,5-bis(phenethylamino)pentan-2-yl)carbamate (49), tert-butyl dimethyl
((S,2Z,19Z)-1,4,9,13,18,21-hexaoxo-5,8,14,17-tetraazahenicosa-2,19-diene-1,10,21triyl)tricarbamate (69) and tert-butyl (Z)-(2-(4-((methoxycarbonyl)amino)-4-oxobut-2enamido)ethyl)carbamate (70). Moreover, the reported diamine derivative tert-butyl
(S)-(1,5-bis((2-aminoethyl)amino)-1,5-dioxopentan-2-yl)carbamate (62), which was
already reported in the literature (Chen et al., 2008) but not isolated nor analysed, was
isolated in my work and assessed by MS. There are other potential routes to be
exploited to produce a bismaleimide linker (e.g. applying a Diels-Alder reaction starting
from 2,5-dimethylfuran and maleic anhydride (Jung and Im, 2009)), that could be a
subject for another synthetic chemistry project.

5.2.2 Nanobodies as tools for quantitative dSTORM
Given the difficulties in synthesis of the bifunctional chemical linker I also
explored another method using recombinant proteins to achieve a 1:1 labelling ratio for
dSTORM, which was successful. We chose to produce a recombinant nanobody which
binds to EGFP based on a published crystal structure (Kubala et al., 2010). This
nanobody has no surface exposed cysteines or available N and C termini to permit
incorporation of a specific labelling site by mutagenesis. The nanobody was equipped
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with a 6×His tag and we made three different versions of it: WT, 1×Cys and 2×Cys
protein constructs. The 1×Cys fragment was used for single labelling and the 2×Cys for
potential bismaleimide linker testing, so that I could trial this step before fragmentation
of IgG. We concentrated on the 1×Cys nanobody fragment for labelling and devised a
post labelling clean-up strategy to yield a homogeneously mono-labelled sample.
Nanobodies were previously labelled for fluorescence microscopy by other
groups, although the methods had significant drawbacks. For example, nanobodies
were labelled through their lysines (Fridy et al., 2014; Ries et al., 2012), however,
because of multiple such amino acids, the number of attached labels was variable and
the labels attached indiscriminately in various locations on the nanobody. More site
specific labelling for dSTORM was achieved by Platonova et al. (2015), where the antiEGFP nanobody (called by the authors anti-GFP-nanobody-4K) had encoded additional
residues GKGSKGSKSK to significantly improve the efficiency of labelling with
fluorophores targeting lysine side-chains, however, in this case labelling also was not
quantitative as it again involved multiple lysines. A potentially achievable approach
could involve the method developed by Witte et al. (2012) involving click reactions
where a dimer can be made of a nanobody and a small labelled peptide, this construct
could be then applied in dSTORM. Click chemistry with nanobodies was also the
subject of work by Ta et al. (2015) where a nanobody was employed with a clickable
alkyne function at the C terminus. Such a functional group could then selectively react
with an azide-functionalised molecule using a copper(I)-catalysed method (Tornøe et
al., 2002). This type of approach can result in the creation of various nanobodyfluorescent conjugates, whose applications can involve quantitative super-resolution
microscopy, including dSTORM. However, Nwe et al. (Nwe and Brechbiel, 2009) list
a number of disadvantages that could be associated with click chemistry in biology,
such as alkyne homocoupling and poor stability of certain azide derivatives.
Additionally, alkynes or alkenes are introduced into cells as parts of unnatural amino
acids (Nikić et al., 2015). Incorporation of an unnatural amino acid in a protein of
interest is not straightforward. The genetic code (Crick et al., 1961) contains 64 triplet
codons which represent 20 canonical amino acids and 3 stop signals (Nirenberg and
Matthaei, 1961). Introduction of a non-canonical amino acid proceeds through genetic
code expansion technology (Wang et al., 2009). Here the orthogonal aminoacyl-tRNA
synthetase/tRNA (RS/tRNA) pair needs to be employed in a plasmid of special bacteria
that have fewer than 20 aminoacyl tRNA synthetases. When the non-canonical amino
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acid is present, the engineered RS/tRNA pair explicitly suppresses the amber codon
(TAG) through incorporating the unnatural amino acid into the polypeptide chain of the
protein. The labelling then occurs through growing the cells in a growth medium
containing the dye (Nikić et al., 2015). The protocol to synthesise a protein with such a
specific amino acid requires special bacteria having less than 20 aminoacyl tRNA
synthetases that need to be employed and the technology is yet not well established.
Our labelling protocol is faster, simple and reproducible. It employs well-established
mutagenesis methods and uses readily available commercial reagents and materials,
therefore we find it superior to the click chemistry approach.
At the same time as I completed working on the 1×Cys nanobody labelled with
Alexa 647 and also completed the associated dSTORM experiments, another group’s
publication was released also using 1×Cys labelled nanobody for STORM (Pleiner et
al., 2015). Their nanobody was targeted against the vertebrate nuclear pore complex
(NPC) and <2 nm epitope-label displacement was reported. Similarly to us, Pleiner et
al. observed that the introduced reducing environment affects only the exposed cysteine,
leaving the scaffold cysteines intact. Pleiner et al. (2015) claim that they obtained only
one dye molecule per nanobody, however, they did not purify the unlabelled nanobody
away from the labelled nanobody.

For labelling reactions, they used 10 nmol of

nanobody to 12 nmol of Alexa and after the reaction, the excess of the dye was removed
by buffer exchange using a desalting column. However, given this almost equimolar
stoichiometry of dye to nanobody it is likely that a significant amount of unlabelled
nanobody would remain. This reaction condition is below that recommended by the
manufacturer of the reactive Alexa Fluor 647 C2 Maleimide (Life Technologies), the
manufacturer recommends 10–20 moles of reagent for each mole of protein. Although
this recommendation possibly covers proteins with multiple cysteines available for
reaction, our own findings suggest that even with a three-fold excess of the dye, the
labelled protein accounted for approximately 71% of the total protein in the reaction. A
homogeneously mono-labelled sample was only achieved after we removed all
unreacted nanobody using thiol-binding beads, which is a true novelty in our
purification methods, as compared to ones already published.
It was important to verify that the nanobody, and its variants, were fully
functional both before and after labelling with the fluorophore. First, I expressed and
purified all constructs: WT, 1×Cys and 2×Cys nanobodies in their unlabelled form.
Next, I checked the mutants against the WT nanobody by both pull down experiments
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as well as MST experiments. The pull down was not quantitative but it provided us with
the answer that all anti-EGFP nanobody versions bind to EGFP, therefore I am certain
that neither the 6×His tag nor the addition of C-terminal cysteines had a detrimental
effect on the binding of the constructs to EGFP. This result was confirmed by the MST
(microscale thermophoresis) experiments, which also provided quantitative information
about the affinity of the nanobody constructs to EGFP. My finding confirmed that the
anti-EGFP nanobodies indeed bind to their target on the nanomolar scale. I compared
the nanobody binding constants to the literature, WT nanobody’s affinity to EGFP
according to these sources was equal to 0.23 nM measured by surface plasmon
resonance (Rothbauer et al., 2006), or using interferometry with an octet biosensor 1.4
nM (Kubala et al., 2010), application surface plasmon resonance by another research
group resulted in 0.32 nM (Saerens et al., 2005), and after using quartz crystal
microbalance the binding constant of 0.59 ± 0.11 nM was reported (Kirchhofer et al.,
2010). I measured the affinity of our constructs to EGFP by treating either EGFP as a
fluorescent species or I externally labelled the nanobody through lysines. My results
were in the range 5.32-‐30.00 nM depending on the construct but all of them were in the
nM range, confirming that the affinity of all nanobody variants to EGFP is excellent.
After batch labelling and purification of my primary construct, the 1×Cys
nanobody, the pull-down and MST experiments were again conducted on the Alexa 647
1×Cys nanobody and again it turned out that despite carrying a label, the nanobody still
binds to its target with excellent affinity. That was certainly the proof that the core
architecture of the 1×Cys nanobody remained intact over the course of reaction and the
internal disulfide bond was not broken at any point to attach the maleimidefunctionalised label, which would render the protein non-functional. Moreover, MST
gave us the quantitative information of the binding constant of 30.00×10-9 M, which is
again excellent.
I quantified the labelling using the UV-Vis method, which revealed 1:1
labelling. I also attempted to use the SYPRO-Orange method to determine the degree
of labelling but it turned out that staining was not applicable to my studies. Staining
with Coomassie stain did not cause any problems, as opposite to staining in SYPRO
Orange, where only a dark band was visible in place of our labelled nanobody construct.
We suspected that the SYPRO Orange fluorescence was quenched by the Alexa 647 and
so SYPRO Orange cannot be used with this fluorophore. We also wanted to employ
mass spectrometry to prove a 1:1 fluorophore to nanobody ratio but a problem was
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encountered. The exact mass of the Alexa 647 reactive dye is not published and due to
intellectual property reasons the supplier refused to release this information. Although
we performed MS on Alexa 647 sample alone using ESI, the spectrum showed
significant fragmentation and was inconclusive in determining a single defined mass. In
the future, we could switch the labelling of the nanobody to use a fluorophore of known
mass, e.g. Atto 647.

Another question that could arise was what percentage of

nanobody bound to EGFP in cells, although the binding efficiency of the nanobody
checked in vitro was outstanding, the titration experiments using FCS could give
answers to the proportion of nanobodies after purification that remain functional. This I
leave for future work.

5.2.3 Single-molecule localisation in dSTORM
The final results chapter was concerned with the application of the
homogeneously mono-labelled anti-EGFP nanobody in dSTORM experiments. In
addition, dSTORM was extended to attain the ultimate goal of this research project –
making dSTORM quantitative with the application of polarisation methods.
First, I checked whether the nanobody was functional in dSTORM experiments
by immobilising it directly on glass and comparing it to an anti-mouse Alexa 647
labelled secondary Fab’ fragment. The nanobody produced excellent dSTORM signals,
where single fluorophores were clearly visible giving distinct, bright flashes originating
from single molecules. To prove that the labelled nanobody construct is superior to the
commercially available labelled F(ab’)2, we also performed the experiments on F(ab’)2
attached to glass and investigated clustering of detected localisations for both samples.
This was achieved using the Bayesian cluster detection approach (Rubin-Delanchy et
al., 2015). The authors noted that this technique is not suitable for use in dSTORM
experiments as the cluster detection will be dominated by the repeated localisations
inherent in a dSTORM experiment.

However, in this experiment the use of the

Bayesian cluster technique is appropriate as we wished to measure this repeated
localisation cluster phenomenon from single nanobodies and F(ab’)2 fragments. The
comparison of the signals revealed that the clusters of localisations in nanobodies are
the same size as those of antibodies, as expected given the relative size of the proteins to
the uncertainty of localisation. However, the number of localisations in each cluster of
localisations was greatly reduced for the nanobody versus the F(ab’)2 fragment
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reflecting the reduced number of labels per protein. I also demonstrated that the
nanobody localises in the same areas as EGFP, which I proved using very low
expression levels of EGFP-SNAP-25. The majority of the Alexa 647 nanobody
localisations were localised within 20 nm of the nearest EGFP. Finally, actin filaments
were measured using EGFP-lifeact and the anti-EGFP mono-labelled nanobody to
demonstrate its ability to define fine structures in a cellular context. The experiments
using EGFP-Lifeact in HEK293 cells immunostained with 1×Cys nanobody allowed us
to calculate the thickness of the actin fibre, which was approximately 40 nm. This is
larger than the actual actin fibre thickness of typically about 7 nm in diameter (Cooper,
2000), however, what is typical for pointillist super-resolution techniques is the
localisation error, arising due to the noise and the size of the construct and therefore the
distance between the fluorophore and the target.
Polarised techniques have already been used in super-resolution microscopy,
such as pPALM (Gould et al., 2008), however, as mentioned in Chapter 1, dSTORM
technique has a number of advantages over PALM, such as brighter fluorophores and
allowing visualisation of native proteins. pSTORM was based on the fact that the
different orientation of dipoles should give different polarisation ratios, which would,
apart from the localised coordinates, provide the information on the number of
fluorophores. However, some orientations of dipoles might be problematic, as the
amount of light coming from the fluorophore also depends on the fluorophore
orientation and some signals are favoured over others. To calculate polarisation the
signal needs to be collected in both channels, otherwise the polarisation value would be
1 or -1, depending on which channel the signal appears in. These localisations in only
single channel should arise due to the alignment of the fluorophore along or
perpendicular to the illumination axis. However, the threshold for detection might not
pick up the faint signals from fluorophores whose dipole is slightly off the parallel or
perpendicular line according to the illumination axis. Only a set of fluorophores whose
dipoles are oriented at 45° or close to 45° to give values of polarisation between -0.2
and 0.4 were detected, therefore a substantial amount of the signal is disregarded in the
polarisation data. Therefore this analysis method would require either a more sensitive
camera for detection of the fluorophores whose dipoles are fixed closer to the axis of
illumination or an alternative analysis method. There is another problem accompanying
the above one. The brightness in the two channels is not identical. This can be proven
on fluorescent samples without a dipole, such as fluorescent beads, where the beads in
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one of the channels are always brighter than those in the other. Therefore the channel
which is brighter, will have more localisations than the fainter one. The information
from the beads could be used to estimate the level by which to compensate the weaker
signal so that the signals could have the same brightness. Using the same localisation
settings for both channels results in less localisations in the fainter channel and hence a
less accurate polarisation map.
Although my results cannot be yet used to discriminate between absolutely
every neighbouring localisations, the resultant decrease of the number of signals arising
in dSTORM through repeated localisations is a significant step forward to increase the
signal accuracy.

5.3 Significance of findings for super-resolution microscopy
Light microscopy is rapidly expanding and with super-resolution microscopes,
the scale at which we can observe the secrets of nature has moved from the microscopic
to nanoscopic world. The Nobel Prizes in 2014 were awarded to Eric Betzig, Stefan
Hell and William Moerner "for the development of super-resolved fluorescence
microscopy" (Nobelprize.org, 2014). This reflects the importance of this field to the
progress of biological sciences. Nanoscopy is now readily available but it is also
rapidly developing, with completely new techniques emerging; an example of which is
expansion microscopy (Chen et al., 2015), where a polymer system is employed to
physically expand the size of sub-diffraction systems, so that they are no longer
diffraction limited.
Development of modern microscopy involves not just physicists but also
biologists, chemists, mathematicians and engineers. I had a chance to work in three
disciplines: molecular biology, chemistry and physics but also learned to employ
mathematical methods to interpret my data. How could my truly interdisciplinary
achievements progress science?
The labelling and purification methods I worked on could be employed
universally. I have used our anti-EGFP 1×Cys Alexa 647 nanobody to label SNAP-25
and actin but EGFP can be fused to virtually any protein, which could then be imaged
using dSTORM. With rapidly expanding nanobody libraries, the bulk of EGFP can be
eliminated and the nanobody can be directly raised against any biomolecular target.
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After obtaining the nanobody, it can be singly labelled using the purification and
labelling protocol, which we presented in this work, therefore the nanobody processing
for 1:1 labelling is also universal. This labelling and purification protocol could be
expanded beyond nanobodies. In the introduction section 1.4.1 I have mentioned the
developments in enzyme-based tags for fluorescence microscopy, such as Snap-tag
(Keppler et al., 2002; Klein et al., 2011), HaloTag (Los et al., 2008), or TMP tag
(Wombacher et al., 2010). Enzyme-based labelling methods could also benefit from our
labelling and purification approach, where an enzyme with a unique cysteine, either
occurring naturally or introduced by mutagenesis, could be used for stoichiometric
labelling of substrates with fluorophores. An example of a protein with one cysteine is
complexin 1, binding to the SNARE complex (Kümmel et al., 2011; McMahon et al.,
1995), therefore it would be a good construct for investigation of the number of formed
SNARE complexes at given locations. Signal transduction pathways could be studied
using a modified Pleckstrin homology domain (PH domain), which has the ability to
bind to phosphatidylinositol lipids situated within biological membranes, and certain
proteins, such as protein kinase C to assist protein/protein or protein/lipid interactions
(Ma et al., 1997). PH domains are small polypeptides of approximately 100 amino
acids, e.g. P-Rex1 PH domain (Cash et al., 2016) has only 167 amino acids, among
them 3 internalized cysteines, while both N and C termini are exposed, so could be
potentially modified and labelled for dSTORM studies.

Also, any maleimide-

functionalised fluorophore can be used, covering all visible part of electromagnetic
spectrum.
The applications of our method could be numerous, examples of research that
would benefit from quantitative single-molecule imaging could involve investigations
of the function of proteins engaged in the construction of virus particles causing a
variety of infectious diseases. Application of our method to medicinal chemistry could
be beneficial also in other areas, where the number of proteins involved in a biological
process is critical to proper functioning of the organism. For example, a "hot topic" in
molecular biology is exocytosis (the importance of that area was also awarded with a
Nobel Prize in 2013), a process in which cargo is secreted from the cell and whose
improper functioning can lead to an array of diseases, including the neurodegenerative
ones like Alzheimer's and Parkinson's. The mechanistic studies of the molecular origins
of diseases require a quantitative approach.
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The resolution of an optical imaging system is governed by fundamental
physical laws, the resolution limit cannot be changed by employing better lenses and
other optical devices. Yet, the development in the hardware area can have a vast
significance on the precision and development of methods where the resolution limit is
circumvented by super-resolution microscopy approaches.

Innovations include

employing the strategy of SMLM for super-resolution imaging under cryo-conditions,
which was done by Liu et al. (2015), where a commercial cryo-chamber from Leica
was used together with purpose-built upright microscopy, where a number of
fluorescent proteins were tested and turned out to emit far more photons under
cryogenic imaging conditions, resulting in higher localization precision, as compared
to ambient temperature imaging. A similar approach could be used in pSTORM,
where the cryo techniques could be especially beneficial to restrict the movement of
the fluorophore. I have fixed my samples using post-immunostaining fixation in
paraformaldehyde (PFA). PFA leads to the formation of chemical cross-links between
free amino groups (Harlow, 2006). When the cross-links connect different molecules,
a network between proteins is formed holding the architecture of the cell together.
Second fixation with PFA linked the EGFP together with other proteins, however, the
conjugated Alexa 647 itself lacks free amino groups. We are not sure by how much
the movement of the dye itself was restricted but we think the fixation could be
improved either by the above-mentioned cryo-techniques where a sample is
immobilised using rapid freezing techniques embedding the structures in glass-like
amorphous ice (Kaufmann et al., 2014).

Another option to vastly restrict the

movement of the fluorophore would be to use a dual-functionalised fluorophore with a
maleimide and NHS ester group, which would covalently attach to 1×Cys thiol group
and a nearby lysine residue. Additionally, the NHS diester synthesised in Chapter 2,
could also serve as a method of attaching a fluorophore to two lysines, therefore
considerably restricting the movement of a fluorophore attached to the deprotected
amine site.
Using the polarisation splitter without a fixed fluorophore could also have
benefits for studying biological samples through dSTORM. Considering that I could
fix all proteins in the sample, the unfixed fluorophore tumbling could provide
information about the local environment of the fluorophore. With the application of
high-speed cameras, with SPAD cameras offering single photon detection sensitivity,
high frame rates and no readout noise (Gyongy et al., 2015) as an example, we could
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monitor the movement of the fluorophore, whose speed of tumbling could give us
information about the viscosity of the local environment and crowding of molecules in
proximity. Another application could be establishment of phase changes in fluidic
environments, such as phospholipid bilayer. Moreover, our polarisation splitter could
also be used in the measurement of homo Förster (or Fluorescence) Resonance Energy
Transfer (FRET). In FRET microscopy, energy is transferred in a non-radiative manner
from a donor to an acceptor fluorophore through a long-range dipole-dipole coupling
(Sekar and Periasamy, 2003). The efficiency of this transfer depends on the distance
between the donor and acceptor, the relative orientation of the two partners, the degree
of overlap between the donor emission and acceptor excitation spectra and the quantum
yield of the donor (Tramier et al., 2003). In the case of homo-FRET, the photophysical
properties of both donor molecules are the same and the excitation energy is transferred
reversibly between the fluorophores (Tramier et al., 2003). Time-resolved fluorescence
anisotropy analyses any process which alters the polarization of the emitted
fluorescence during the excited state (Lakowicz, 2006). The only method to measure
homo-FRET is to determine the degree of depolarization of fluorescence emission after
exciting the fluorophore with polarized light. In homo-FRET, the splitter can be applied
to establish the anisotropy of dipoles of both molecules and the signal can be
simultaneously recorded in both channels. Upon rotation of the excitation polarised
light, the change in polarisation in fluorescence emission will happen accordingly. The
differences between the signals in both channels will provide the information about the
orientation of both molecules.
Another useful novelty in my project was the use of existing methods and
applications in new combinations. Bayesian cluster analysis (Rubin-Delanchy et al.,
2015) was in fact not recommended for dSTORM, due to multiple blinking coming
from the same fluorophores, however, it was employed by us to investigate clustering of
the dSTORM signal, which turned out to be an excellent idea. We agree that Bayesian
cluster analysis is not appropriate for analysis of real clusters in dSTORM but could be
applicable for future work on signal clustering.
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5.4 Conclusions
The discoveries presented in this thesis push forward dSTORM microscopy
towards a quantitative approach.

My work to achieve this spanned through three

different scientific disciplines - molecular biology, chemistry and physics. Through
work in such a multidisciplinary environment I mastered a multitude of seemingly
unrelated scientific techniques. The project was successful in terms of the general aim,
which was homogeneous mono-labelling of the nanobody with fluorophore and then
utilising it for quantitative imaging provided by polarised dSTORM. Our labelling and
purification protocol can be applied to other biomolecular entities to provide
stoichiometric labelling. We could expand this protocol by using different but equally
powerful fluorophores with known masses and different fixation methods. Fixation
methods for pSTORM could be a separate project on its own, using fluorophores with
known orientation, e.g. present in crystals. The described approach could help to
answer important questions and facilitate research in biological and biomedical
sciences.
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Chapter 6:
Experimental procedures for bismaleimide
linker synthesis	
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6.1 Experimental introduction
Chemicals were purchased from Acros Organics, Alfa Aesar and Sigma-Aldrich
and were used as received without further purification. Solvents were dried according
to standard procedures, where indicated. Reactions were routinely performed under
inert N2 atmosphere. “Light petroleum” indicates the fractions of petroleum ether
boiling at 40-60 °C, while “brine” indicates the saturated solution of sodium chloride.
Analytical thin layer chromatography was performed on TLC silica gel 60 F254 glass
plates (Merck). Visualization was achieved by ultraviolet light (254 nm) and/or alkaline
potassium permanganate stain or phosphomolybdic acid followed by heating or iodine
vapour stain. Flash chromatography was performed with the application of silica gel
made of a high-purity grade, 60 Å, 35-70 mesh particle size (Fisher) as a stationary
phase. The column size was chosen according to standard recommendations (Still et al.,
1978).
1

H NMR spectra were recorded at 300 and 400 MHz on Bruker AVIII300 and

AVIII400 spectrometers;

13

C NMR spectra were recorded at 75.5 MHz and 100 MHz

on the same instruments, respectively. Chemical shifts are given in parts per million (δ
in ppm) and are referenced against tetramethylsilane (TMS). Deuterated solvents used
for sample preparation were CDCl3, DMSO-d6 or MeOD. Chemical shift values show
an accuracy of ±0.01 ppm and ±0.1 ppm for 1H NMR and

13

C NMR spectra,

respectively. J values are reported in Hz. Multiplicity is designated as: s, d, dd, t and m
for singlet, doublet, doublet of doublets, triplet and multiplet. In

13

C NMR spectra,

signals equivalent to C, CH, CH2 or CH3 groups were assigned using DEPT. Mass
spectra were obtained from The University of Edinburgh and recorded on a Bruker
micrOTOF instrument using the electrospray ionization (ESI) technique.

Melting

points were recorded on a Stuart Digital Melting Point Apparatus, 120 VAC and are
uncorrected. Infrared spectra were recorded on Perkin Elmer 1600 FT IR spectrometer.
Bands are designated as: w, br, m, s with respect to weak, broad, medium, and strong,
respectively.
Coupled cluster (CC) calculations (Cizek and Paldus, 1980) were used to
perform molecular modelling with the application of Density Functional Theory (DFT)
(Kohn et al., 1996).

Optimisation and vibrational frequency calculations were

performed using B3LYP and B97D functionals with 6-31G* basis set. The solvation
effects of water were modelled using Polarisable Continuum Model (PCM) and
Solvation Model based on Density (SMD).
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6.2 Experimental procedures
tert-Butyl (2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)carbamate (4) (van der
Veken et al., 2005)

One-step procedure, from maleic anhydride (2) using EDC (17) and NHS (21)
A solution of maleic anhydride (2) (0.100 g; 1.33 mmol; 1.00 eq.) in diethyl
ether (3 mL) was added dropwise to a stirred solution of N-Boc-ethylenediamine (3)
(0.221 g, 1.38 mmol, 1.04 eq.) and triethylamine (0.185 mL, 1.33 mmol, 1.00 eq.) in
diethyl ether (2 mL) at 0 °C over 10 min. During the addition, the reaction mixture
changed from a clear colourless solution to cloudy in appearance and by the time the
addition was complete, a thick white oil had formed. The resulting reaction mixture
was left to stir for a further 45 min at 0 °C before being allowed to warm to rt
whereupon stirring was continued for two days. Subsequently, the solid was isolated by
filtration (11). The intermediate product, triethylammonium salt of (Z)-4-((2-((tertbutoxycarbonyl)amino)ethyl)amino)-4-oxobut-2-enoic acid, was a crude pale orange oil
(0.480 g, quantitative). This was used in the next stage without further purification.
δH (300 MHz; CDCl3) 1.34 (t, 4H, J = 6), 1.44 (s, 12H), 3.09-3.16 (m, 3H), 3.28-3.30
(br d, 2H), 3.40-3.41 (br d, 3H), 5.47 (br s, 1H), 6.05 (d, 1H, J = 15), 6.27 (d, 1H, J =
12), 10.01 (br s, 1H)(crude sample).
Triethylamine (0.370 mL, 2.65 mmol, 1.92 eq.) followed by EDC (17) (0.264 g,
1.38 mmol, 1.04 eq.) and NHS (21) (0.160 g, 1.39 mmol, 1.07 eq.) was added to a
stirred solution of the intermediate triethylammonium salt of (E)-4-((2-((tertbutoxycarbonyl)amino)ethyl)amino)-4-oxobut-2-enoic acid in DCM (8 mL) at rt and the
mixture was left to stir overnight. Subsequently, the solvent was removed in vacuo and
the orange residue obtained was dissolved in ethyl acetate (5 mL). The resulting
organic solution was washed with 1M (aq) citric acid (5 mL), a saturated aqueous
solution of NaHCO3 (5 mL) and finally brine (5 mL). The organic layer was dried
(Na2SO4) and the solvent was evaporated under reduced pressure. The crude dark
orange oil afforded was purified by flash chromatography (EtOAc/light petroleum, 7:3)
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to yield the title compound (4) (0.025 g, 8%) as a white solid: TLC (EtOAc/light
petroleum, 7:3) Rf 0.56; δH (300 MHz; CDCl3) 1.34 (s, 9H, 3 × CH3), 3.24-3.29 (m, 2H,
J = 6, CH2), 3.59 (t, 2H, CH2), 4.66 (s, 1H, NH), 6.64 (s, 2 × CH).
(Z)-4-((2-((tert-Butoxycarbonyl)amino)ethyl)amino)-4-oxobut-2-enoic

acid

(11)

(Patnaik et al., 2008)

Maleic anhydride (2) (0.359 g, 3.67 mmol, 1.05 eq.) was added to a stirred
solution of N-Boc-ethylenediamine (3) (0.555 g, 3.50 mmol, 1.00 eq.) and triethylamine
(0.590 mL, 4.20 mmol, 1.20 eq.) in DCM (15 mL) at rt. The resulting reaction mixture
was left to stir for 3.5 h. Subsequently, the solvent was removed in vacuo to afford a
crude yellow oil. This was redissolved in H2O (5 mL) and the resulting aqueous
solution was acidified to pH 3 with 1 M citric acid. Upon acidification, a white
precipitate began to form. Another portion of H2O (5 mL) was added to the cloudy
white suspension followed by DCM (10 mL). After gentle mixing of the two-phase
system, a white emulsion formed at the interphase which was subsequently dispersed by
gently warming at 24 °C for 30 min. The aqueous phase was separately re-extracted
with further quantities of DCM (4×10 mL) and the combined organic layers were
washed with brine (10 mL). The organic layer was dried (MgSO4) and the solvent was
evaporated under reduced pressure before leaving the product to dry in air for 10 h. The
title compound (11) (0.858 g, 95%) was afforded as a white flakey solid. δH (300 MHz;
DMSO-d6) 1.37 (s, 9H, 3 × CH3), 3.07 (m, 2H, CH2), 3.21 (m, 2H, CH2), 6.23 (d, 1H, J
= 12, CH), 6.41 (d, 1H, J = 12, CH), 6.67 (br s, 1H, NH), 9.16 (br s, 1H, OH); δC (75.5
MHz; DMSO-d6) 28.2 (CH3), 38.9 (CH2), 39.3 (CH2), 77.8 (C), 131.9 (CH), 132.6 (CH),
155.6 (C), 165.4 (C), 165.7 (C).
tert-Butyl (2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)carbamate (4) (van der
Veken et al., 2005)
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From maleamic acid derivative (11) using EDC (17) and NHS (21)
A solution of maleamic acid derivative (11) (0.197 g, 0.764 mmol, 1.00 eq.) in
DCM (10 mL) was prepared at 0 °C resulting in a white suspension. Subsequently,
NHS (21) (0.0934 g, 0.812 mmol, 1.06 eq.), followed by EDC (17) (0.153 g, 0.800
mmol, 1.05 eq.) were added and the white solids went into solution resulting in a yellow
clear reaction mixture. This was left to stir for 45 min at 0 °C before being allowed to
warm to rt whereupon stirring was continued overnight. The resulting brown organic
solution was washed with H2O (3 × 5 mL) and the combined aqueous phases were
back-extracted with DCM (5 mL). The combined organic phases were washed with
brine and dried (MgSO4) and the solvent was removed in vacuo. The product was
purified by flash chromatography (EtOAc/light petroleum, 7:3) to yield the title
compound 4 as a white solid (0.022 g, 12%).
tert-Butyl (2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)carbamate (4) (van der
Veken et al., 2005)

From maleamic acid derivative (11) using BTFFH (30)
DIEA (0.650 mL, 3.73 mmol, 2.13 eq.), followed by BTFFH (30) (0.555 g, 1.75
mmol, 1.00 eq.) was added to a stirred solution of maleamic acid derivative (11) (0.454
g, 1.76 mmol, 1.01 eq.) in anhydrous DCM (15 mL). The clear yellow solution was
heated gently to 40 °C and then left to stir for 24 h. Subsequently, the reaction mixture
was cooled before being washed with H2O (3 × 5 mL) and the combined aqueous layers
were back-extracted with DCM (5 mL).

The combined organic layers were then

washed with brine (5 mL) and dried (MgSO4). The solvent was removed in vacuo
yielding a crude product as a dense orange oil. Then the crude product was dried in air
for 10 h, in this period a white solid started to precipitate. The crude product afforded
was purified by flash chromatography (EtOAc/light petroleum, 7:3) to yield the title
compound (4) (0.202 g, 48%) as a white solid: TLC (EtOAc/light petroleum, 7:3) Rf
0.53; m.p. 127-128 °C; δH (300 MHz; CDCl3) 1.34 (s, 9H, 3 × CH3), 3.26 (dd, 2H, J = 6,
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CH2), 3.59 (t, 2H, J = 6, CH2), 4.63 (br s, 1H, NH), 6.64 (s, 2H, 2 × CH); δC (75.5 MHz;
CDCl3) 28.3 (CH3), 30.4 (CH2), 38.0 (CH2), 79.5 (C), 134.2 (CH), 156.0 (C), 170.8 (C).
1-(2-Aminoethyl)pyrrole-2,5-dione;2,2,2-trifluoroacetic acid (5) (Conradi and
Junkers, 2014; Foley et al., 2010; Kuan et al., 2015)

	
  
	
  
Trifluoroacetic acid (1.00 mL, 13.1 mmol, 14.3 eq.) was added dropwise to a
stirred solution of the Boc-protected maleimide derivative (4) (0.220 g, 0.914 mmol,
1.00 eq.) in anhydrous DCM (5 mL) at rt over 30 min. The reaction was left to stir at
this temperature for 6 h. Subsequently, the solvent was removed in vacuo and the
resulting crude residue was azeotroped with diethyl ether (10 × 5 mL) until no TFA
remained. The title compound (5) was afforded as a beige-coloured solid (0.232 g,
quantitative): δH (300 MHz; DMSO-d6) 2.99 (t, 2H, J = 6, CH2), 3.66 (t, 2H, J = 6, CH2),
7.08 (s, 2H, 2 × CH), 7.86 (br s, 3H, NH3); δC (75.5 MHz; DMSO-d6) 35.0 (CH2), 37.5
(CH2), 134.7 (CH), 171.0 (C=O).
Bis(2,5-dioxopyrrolidin-1-yl) (2S)-2-[(2-methylpropan-2yl)oxycarbonylamino]pentanedioate (47) (Koshi et al., 2008)

	
  
EDC-HCl (0.820 g, 4.28 mmol, 2.61 eq.) was added to a stirred solution of BocL-glutamic

acid (0.405 g, 1.64 mmol, 1.00 eq.) in DCM (40 mL) at rt and left to stir for

15 min. Subsequently, NHS (0.558 g, 4.84 mmol, 2.95 eq.) was added. The reaction
mixture was stirred for another 6 h at rt. Then the reaction mixture was washed with
aqueous 5% NaHCO3 (3 × 10 mL) and subsequently dried (Na2SO4). The solvent was
removed in vacuo. Flash chromatography (100% EtOAc) afforded the title compound
(47); Rf 0.59. The crude product was dissolved in DCM (10 mL) and washed with H2O
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(5 × 5 mL) and saturated solution of NaHCO3 (5 × 5 mL). The product was dried in the
vacuum desiccator over P2O5 and the title compound (47) was afforded as a white
foamy solid (0.737 g, quantitative): TLC Rf 0.56; δH (300 MHz; DMSO-d6) 1.49 (s, 9H,
3 × CH3), 2.25-2.51 (m, 2H, CH2) 2.86-2.97 (s and overlapping t, 10H, 4 × CH2 and 1 ×
CH2), 4.82 (br s, 1H, NH), 5.28 (br s, 1H, NH); δC (100 MHz, CDCl3) 25.6 (CH2), 27.0
(CH2), 28.2 (CH3), 51.0 (CH), 80.8 (C), 154.8 (C=O), 167.7 (C=O), 168.7 (C=O), 169.1
(C=O); MS (ESI) m/z [M+Na]+ calcd for C18H23N3O10Na 464.1281, found 464.1276.
tert-Butyl (S)-(1,5-dioxo-1,5-bis(phenethylamino)pentan-2-yl)carbamate (49)

	
  
A solution of phenethylamine (0.100 mL, 0.794 mmol, 3.08 eq.) and
triethylamine (0.130 mL, 0.933 mmol, 3.62 eq.) in anhydrous DMF (2.5 mL) was added
to a stirred solution of NHS ester (47) (0.114 g, 0.258 mmol, 1.00 eq.) in anhydrous
DMF (2.5 mL) at rt. At the beginning the reaction mixture was transparent but after 2 h
the colour changed to white.

The reaction continued at rt overnight.

DMF was

removed in vacuo which resulted in a white solid, which was then dissolved in EtOAc
(5 mL). The organic solution was washed with H2O (3 × 5 mL), back-extracted with
ethyl acetate (5 mL) and dried (MgSO4). The solvent was removed in vacuo. Flash
chromatography (100% EtOAc) yielded the title compound (49) as a white solid (0.040
g, 34%); TLC Rf 0.23; M.p. 138-139 °C; δH (300 MHz, CDCl3) 1.36 (s, 9H, 3

×

CH3),

1.75-1.96 (m, 2H, CH2), 2.02-2.20 (m, 2H, CH2), 2.72-2.78 (m, 4H, 2 × CH2), 3.34-3.53
(m, 4H, 2 × CH2), 3.89-3.95 (dd, 1H, CH), 5.51 (d, 1H, NH), 5.81 (br s, 1H, NH), 6.366.40 (t, 1H, NH), 7.11-7.25 (m, 10H, 10 × CH); δC (75.5 MHz, CDCl3) 27.7 (CH3), 31.6
(CH2), 34.5 (CH2), 34.7 (CH2), 39.7 (CH2), 78.9 (C), 125.5 (CH), 127.6 (CH), 127.7
(CH), 137.7 (C), 154.9 (C), 170.6 (C), 171.6 (C); υmax (neat)/cm-1 3314 m (NH), 3029 w
(Ar), 2932 w (CH), 1683 s (C=O), 1650 s (C=O), 1547 – 1497 m (Ar).
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tert-Butyl S-(1,5-bis(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethylamino)-1,5dioxopentan-2-yl)carbamate (7)

Attempt A (from NHS ester (47), maleimide salt (5) with triethylamine)
A solution of trifluoroacetate salt (5) (0.378 g, 1.49 mmol, 2.51 eq.) and
triethylamine (0.250 mL, 1.79 mmol, 3.01 eq.) in anhydrous DMF (2.5 mL) was added
to a stirred solution of NHS-activated diester (47) (0.262 g, 0.594 mmol, 1.00 eq.) in
anhydrous DMF (5 mL) and the reaction mixture was left to stir for three days at rt.
After this time TLC (100% EtOAc) revealed spots at 0.47, 0.37 and 0.15. Subsequently,
the reaction mixture was heated to 40 °C, a fresh portion of (5) was added (0.0745 g to
make up to 3.00 eq.). After 7 h TLC (100% EtOAc) of the crude product was still
showing spots for Rf 0.47, 0.37, 0.16.

The solvent was removed in vacuo, co-

evaporated with toluene (1 × 5 mL) and Et2O (1 × 5 mL). EtOAc (5 mL) was added,
the organic solution was washed with H2O (3 × 10 mL). Aqueous phases were backextracted with EtOAc (3 × 10 mL). The organic phases were washed with brine (5 mL)
and dried (Na2SO4). The solvent was removed in vacuo and the residue was azeotroped
using diethyl ether (7 × 10 mL). The crude product was obtained as a beige solid,
which was purified by column chromatography (100% EtOAc). The compound (7) was
not recovered.
Attempt B (from NHS ester (47), maleimide salt (5) with excess triethylamine)
A solution of trifluoroacetate salt (5) (0.257 g, 1.01 mmol, 2.53 eq.) and
triethylamine (1.50 mL, 10.76 mmol, 27.04 eq.) in anhydrous DMF (5 mL) was added
to a stirred solution of NHS ester (47) (0.176 g, 0.399 mmol, 1.00 eq.) in anhydrous
DMF (5 mL) at 4 °C. After 45 min the reaction was allowed to warm up to rt and
proceeded for three days. Co-evaporation with toluene was performed (1 × 5 mL) and
Et2O (1 × 5 mL). EtOAc (5 mL) was added and the organic phase was washed with
H2O (3 × 10 mL). Aqueous phases were back-extracted with EtOAc (3 × 5 mL) and the
organic phases were washed with brine (5 mL). The ethyl acetate layers were dried
	
  

186

(Na2SO4). The solvent was removed in vacuo with co-evaporation using diethyl ether
(5 × 5 mL). Flash chromatography (EtOAc/light petroleum (7:3)) afforded the product
as a white solid (0.004 g); TLC Rf 0.47; δH (400 MHz, CDCl3) (1D, COSY, HSQCed)
1.45 (s, 9H, 3 × CH3), 1.79-1.83 (qd, 1H, 1H of CH2), 2.40-2.42 (m, 1H, 1H of CH2),
2.58-2.67 (m, 1H, 1H of CH2), 2.76-2.82 (dt, 1H, 1H of CH2), 3.73-3.76 (m, 2H, CH2),
3.95-4.01 (m, 2H, CH2), 4.23-4.26 (m, 1H, CH), 5.31 (br s, 1H, NH), 6.66 (s, 2H, 2 ×
CH); δC (100 MHz, CDCl3) 24.5 (CH2), 28.3 (CH3), 31.6 (CH2), 36.0 (CH2), 39.5 (CH2),
52.4 (CH), 76.7-77.3 (CDCl3), 85.0 (C), 134.2 (CH), 170.9 (C), 171.6 (C), 172.2 (C).
15

N NMR (400 MHz, CDCl3) (HMQC) 85, (HMBC) 149.

The spectra suggest that mono-substituted N2-(tert-butoxycarbonyl)-N5-(2-(2,5-dioxo2,5-dihydro-1H-pyrrol-1-yl)ethyl)-L-glutamine was synthesised, although the amount of
product obtained prevents us from further analysis.
Attempt C (from NHS ester (47), maleimide salt (5) with large excess of triethylamine
in dioxane)
A solution of trifluoroacetate salt (5) (0.151

g,

0.596 mmol,

2.40

eq.) and

triethylamine (1.000 ml, 7.18 mmol, 29.0 eq.) in dioxane (20 mL) was added to a stirred
solution of NHS ester (47) (0.109 g, 0.248 mmol, 1.00 eq.) in dioxane (20 mL). The
reaction proceeded for 48 h at rt. The solvent was removed under reduced pressure.
DCM (5 mL) was added and the organic phase was washed with H2O (5 × 5 mL). The
combined aqueous layers were subsequently back-extracted with DCM (5 mL). The
combined organic layers were then washed with brine. TLC

(EtOAc/light

petroleum,

7:3) Rf 0.34. Flash chromatography (EtOAc/light petroleum, 7:3) was performed to
isolate this spot, but the yield must have been so small, that it could not be recovered.
Attempt D (from maleimide salt (5) using PyAOP as a coupling reagent)
DIEA (0.110 mL, 0.632 mmol, 3.07 eq.), followed by PyAOP (0.216 g, 0.414
mmol, 2.01 eq.) was added to a stirred solution of Boc-Glu-OH (0.0508 g, 0.206 mmol,
1.00 eq.) in anhydrous DMF (2 mL). The pale orange clear solution was stirring at rt
for 20 min, during which the colour was becoming more intense. Subsequently, a
solution of maleimide derivative (5) (0.102 g, 0.401 mmol, 1.95 eq.) and DIEA (0.150
mL, 0.861 mmol, 4.18 eq.) in anhydrous DMF (3 mL) was added.

The reaction

proceeded overnight at rt. The solvent was removed under reduced pressure and EtOAc
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(5 mL) was added. The organic phase was washed with water (3 × 5 mL) and the
aqueous combined phases were back-extracted with EtOAc (5 mL). The combined
organic phases were dried (MgSO4). The solvent was removed in vacuo. The product
was purified by flash chromatography (EtOAc/light petroleum, 1:1) and a white solid
was isolated; TLC (EtOAc/light petroleum, 1:1) Rf 0.56; MS (ESI) [M+Na]+ calcd for
C22H29N5O8Na 514.1914, found 515.3372.
Dimethyl (2S)-2-[(2-methylpropan-2-yl)oxycarbonylamino]pentanedioate (Chen et
al., 2008) (60)

Triethylamine (1.600 mL, 11.47 mmol, 2.18 eq.), followed by a solution of ditert-butyl dicarbonate (59) (1.171 g, 5.37 mmol, 1.02 eq.) in anhydrous DCM (5 mL)
was added to a stirred solution of L-glutamic acid dimethyl ester hydrochloride (58)
(1.110 g, 5.25 mmol, 1.00 eq.) in anhydrous DCM (20 mL). The clear transparent
solution continued to stir for 5 h at rt. After that the reaction mixture was washed with
1 M citric acid (30 mL), saturated NaHCO3 and H2O (30 mL) and dried (Na2SO4). The
solvent was removed in vacuo to yield the title compound as a colourless oil (1.415 g,
98%); TLC (EtOAc/light petroleum (1:1)) Rf 0.50; δH (300 MHz CDCl3) 1.37 (s, 9H, 3
CH3), 1.82-1.94 (m, 1H, 1 H of CH2), 2.06-2.17 (m, 1H, 1 H of CH2), 2.31-3.38 (m,

×

2H, CH2), 3.61 (s, 3H, CH3), 3.68 (s, 3H, CH3), 4.27 (d, 1H, CH), 5.07 (d, 1H, NH); δC
(75.5 MHz, DMSO-d6) 25.9 (CH2), 28.1 (CH3), 29.7 (CH2), 51.3 (CH3), 51.8 (CH3),
52.6 (CH), 78.3 (C), 155.5 (C), 172.6 (C), 172.6 (C); υmax (neat)/cm-1 3369 w (NH),
2978 m (aliphatic CH), 2955 m (aliphatic CH stretch), 1737 s (ester, C=O).
tert-Butyl (S)-(1,5-bis((2-aminoethyl)amino)-1,5-dioxopentan-2-yl)carbamate (62)
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Ethylenediamine (61) (1.100 mL, 16.47 mmol, 8.81 eq.) was added to a stirred
solution of Boc-L-glutamic acid dimethyl ester (60) (0.514 g, 1.87 mmol, 1.00 eq.) in
anhydrous methanol (5 mL).

Methanol was dried according to standard methods

(Armarego and Chai, 2003).

The reaction proceeded for 12 h at reflux (85 °C).

Methanol was removed in vacuo. Azeotropy with toluene (3 ´ 5 mL) was performed,
ethylenediamine was still present. Additional azeotropy with Et2O (5 ´ 5 mL) was
subsequently performed and a white solid started to precipitate, however, it quickly
collapsed into a liquid and formed white glue.

The solvent was decanted and

subsequently removed under reduced pressure. H2O was subsequently used for coevaporation and after that another portion of diethyl ether was supplied and removed in
vacuo. The sample was placed in the vacuum desiccator under P2O5 for 16 h and a
white crystalline solid was afforded (0.601 g, 97%); TLC (EtOAc/light petroleum
(3:1)); Rf 0.00; MS (ESI) m/z [M+H]+ calcd for C14H29N5O4 332.2298, found 332.2296.
Attempted
tert-Butyl S-(1,5-bis(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethylamino)-1,5dioxopentan-2-yl)carbamate (7)

Methoxycarbonylmaleimide (55) (0.1101 g, 0.714 mmol, 3.00 eq.) was added to
a stirred solution of diamine (62) (0.0790 g, 0.238 mmol, 1.00 eq.) in 1M aqueous
solution of NaHCO3 (5 mL) at 0 °C. After 5 min, the mixture was diluted with H2O (5
mL) and acetonitrile (10 mL), and subsequently stirred at rt for two days. After adding
CH2Cl2 (50 mL), the organic layer was separated and washed with brine (3 × 10 mL).
The organic layer was then dried (Na2SO4) and the solvent was removed in vacuo to
yield a yellow oil (0.008 g, 7%), however the 1H NMR revealed that the title compound
was not obtained.
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tert-Butyl dimethyl ((S,2Z,19Z)-1,4,9,13,18,21-hexaoxo-5,8,14,17-tetraazahenicosa2,19-diene-1,10,21-triyl)tricarbamate (69)

	
  
Triethylamine (0.250 mL, 1.764 mmol, 3.78 eq.), followed by Nmethoxycarbonylmaleimide (0.205 g, 1.318 mmol, 2.82 eq.) was added to a stirred
solution of diamine (62) (0.155 g, 0.467 mmol, 1.00 eq.) in DCM (2 mL) at 0 °C. The
yellow solution was stirring at 0 °C for 45 min after which time it was allowed to reach
rt and react overnight. This resulted in the red reaction mixture. The solvent was
removed in vacuo. H2O (3 mL) was added and the pH was measured as 12. It was
subsequently brought down to 3 with 1 M citric acid. The compound was extracted with
EtOAc (4 × 5 mL) and dried (MgSO4). The product was dried in the vacuum desiccator
over P2O5 for 12 h and afforded the title compound as a white solid (0.095 g, 32%); MS
(ESI) m/z [M+Na]+ C26H39N7O12Na 664.26.
tert-Butyl (Z)-(2-(4-((methoxycarbonyl)amino)-4-oxobut-2enamido)ethyl)carbamate (70)

A solution of N-methoxycarbonylmaleimide (55) (0.0263 g, 0.170 mmol, 1.00
eq.) in DCM (1 mL) was added to the stirred solution of N-Boc-ethylenediamine (3)
(0.0296 g, 0.187 mmol, 1.10 eq.) in DCM (1 mL) at rt, which resulted in a colourless
clear reaction mixture.

The reaction proceeded to completion after 30 min, as

monitored by TLC. The solvent was removed in vacuo and the title compound (70)
was yielded as a white solid (0.0538 g, quantitative); M.p. 104-108°C; TLC (100%
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EtOAc) Rf 0.26; δH (300 MHz, DMSO-d6) 1.38 (s, 9H, 3 × CH3), 2.98-3.04 (m, 2H,
CH2), 3.10-3.16 (m, 2H, CH2), 3.64 (s, 3H, CH3), 6.13-6.17 (d, 1H, J = 12, CH), 6.336.37 (d, 1H, J = 12, CH), 6.81 (br s, 1H, NH), 8.37 (br s, 1H, NH), 11.35 (br s, 1H, NH).
MS (ESI) [M+Na]+ calcd for C13H21N3O6Na 338.1328, found 338.1335.
tert-Butyl (2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)carbamate (4) (van der
Veken et al., 2005)

Silica (~0.5 g) was added to a stirred solution of (70) (0.0535 g, 0.170 mmol, 2
eq.) in DCM (2 mL). Litmus paper was used to check the pH (pH = 4). The reaction
took place at rt for 3 h. Silica was filtered off by suction filtration and the solvent was
removed in vacuo. The product was isolated through flash chromatography (100%
EtOAc) as a white solid (0.005, 13%); TLC Rf 0.77; δH (300 MHz, DMSO-d6) 1.34 (s,
9H, 3 × CH3), 3.03-3.09 (m, 2H, CH2), 3.44 (t, 2H, J = 6, CH2), 6.89 (t, 1H, NH), 7.00
(s, 2H, CH); MS (ESI) m/z [M2+Na]+ calcd for C22H32N4O8Na 503.2118, found
503.2125, [M+H]+ calcd for C11H17N2O4 241.1188, found 241.1185.
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Chapter 7:
Biochemical materials and methods	
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7.1 Molecular biology
7.1.1 Preparation of competent cells
3 mL of LB medium including 50 µg/ml kanamycin was inoculated with M15 E.
coli and incubated overnight at 37 °C with shaking at 200 rpm. On the next day the
whole culture was used to inoculate 250 mL of LB medium containing 50 µg/ml
kanamycin and 20 mM magnesium sulfate. The cells were grown in a 1 L flask until
the OD reached 0.5 with shaking at 200 rpm.

The cells were harvested by

centrifugation at 4,500×g for 5 min at 4 ºC. The medium was removed and the bacterial
cells gently re-suspended in ice-cold TFB1 (100 mL). The cells were kept at 4 °C for
all the remaining steps and all tips and tubes were chilled and sterile. The cells were
incubated for 5 mins in TFB1, and subsequently pelleted by centrifugation at 4,500×g
for 5 min at 4 °C. Then they were gently resuspended in ice-cold TFB2 (10 mL). The
cells were incubated on ice for 45 min and then aliquoted. They were quick-frozen
using liquid nitrogen and stored at -80 °C until required.

7.1.2 Maxipreparation
Maxipreps were performed according to the manufacturer's instruction
(PureLink HiPure Plasmid Filter Purification Kit). The diversions from the procedure
were as follows: post precipitation the bacterial lysate was not clarified by
centrifugation but instead removed by filtration using a funnel and paper filter. Rather
than storing in a TE buffer, the sample was dissolved in Milli-Q ultrapure water. Small
digest with BamHI and HindIII was performed using 10× Fast Digest Green Buffer to
verify purified DNA.

7.1.3 Transformation
Tubes with bacteria were transferred from -80 °C storage and immediately
placed on ice.

1 µL of DNA (conc. 1 mg/mL) was added to 30 µL aliquots of

competent bacteria and incubated on ice for 10 min. The bacteria with DNA were heatshocked for 30 s only at 42 °C and then subsequently cooled on ice for 10 min. 500 µL
of LB was added to the tube and it was placed in the incubator shaker at 200 rpm at 37
ºC for 30 minutes. 100 µL of the resulting culture was plated on agar plates, containing
selected antibiotic, and placed in an incubator at 37 ºC for 16 h, then stored at 4 ºC.
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7.1.4 Sequencing
Sequencing was performed by Source Bioscience and analysed using Geneious
6.0.

7.2 Protein biochemistry
All column based chromatography was performed on an ÄKTA Purifier (GE)
which automatically records A280, pressure, conductance and fractionation. All
fractions were collected in 96 deep well storage blocks (Fisher Scientific).

7.2.1 Protein expression
A starter culture was prepared using 50 mL of 2×TY in a 200 mL flask
containing antibiotic and inoculated with a single bacterial colony.

This bacterial

culture was grown in an incubator shaker at 37 ºC at 200 rpm for 5 h. This culture was
then added to a 2 L baffle flask containing 1 L of 2×TY medium and antibiotic. This
culture was grown in an incubator shaker at 37 ºC and 200 rpm for 2.5 h. Subsequently,
IPTG was added to a final concentration of 1 mM to induce expression.

The

temperature was reduced to 19 ºC and grown in an incubator shaker at 200 rpm
overnight. The flask was removed from the incubator shaker and the bacteria harvested
by centrifugation at 3,000×g at 4 ºC for 30 min. The bacterial pellet was stored in the 80 ºC freezer until required.
All nanobody constructs were expressed in M15 E. Coli and required ampicillin
(100 µg/ml) and kanamycin (50 µg/ml), while GST-EGFP was expressed in BL21 E.
Coli and required only ampicillin (100 µg/ml).

7.2.2 Preparation of lysates
	
  

10 mL of resuspension buffer was used per bacterial pellet produced from 1 L

2×TY medium. The bacterial pellets were resuspended by swirling in an incubator
shaker at 4 °C at 100 rpm until the suspension was homogenous. Subsequently, they
were transferred to a 50 mL tube to which was added 2% Triton X-100 (final
concentration) and the bacterial extract was sonicated (Sonics Vibra-Cell sonicator) for
5 minutes with the settings of pulse 10 s, pause 10 s with an amplitude of 65%.
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Alternatively, BugBuster (Merck Millipore) protein extraction reagent was used
according to the manufacturer’s instruction. After sonication the bacterial extract was
centrifuged at 25,000×g for 30 min at 4 °C. The supernatant was kept on ice and used
for purification using affinity chromatography.

7.2.3 Initial purification
7.2.3.1 Column affinity chromatography
1 mL HisTrap FF Crude column was used with metal ion capacity ~15 µM Ni2+
/mL medium. An increasing imidazole gradient was used to elute the protein off the
column. The protein was collected in 1 mL fractions. The buffer of the following
composition was used for loading: 20 mM Tris-HCl, pH 7.0, 100 mM NaCl, 20 mM
imidazole, 0.05% TWEEN-20, 5% glycerol (for cysteine-containing mutants 1 mM
DTT was additionally used). The buffer of the following composition was used for
elution: 20 mM Tris-HCl pH 7.0, 100 mM NaCl, 500 mM imidazole, 0.05% TWEEN20 (for cysteine-containing mutants 1 mM DTT was additionally used). The imidazole
gradient was applied over 50 volumes of the column.

7.2.3.2 Batch purification of EGFP on Glutathione Sepharose beads
For purification of GST-EGFP Glutathione Sepharose 4 Fast Flow beads (GE)

were used. 15 mL of the bead slurry was centrifuged at 500×g at 4 ºC for 1 min after
which the storage ethanol was removed by pipetting. The beads were resuspended in 50
mL of the buffer of the following composition: 20 mM Tris-HCl pH 7.4, 0.1% TX-100,
150 mM NaCl (10 ml/1L of 2×TY medium culture). The beads were pelleted with the
same settings and the supernatant carefully removed. The beads were mixed with lysate
containing GST-EGFP, covered with aluminium foil and placed on a roller mixer. After
incubation for 30 min the beads were pelleted by centrifugation as before.

The

supernatant was removed and the beads resuspended in a further 50 mL of the buffer of
the following composition: 20 mM Tris-HCl pH 7.4, 0.1% TX-100, 500 mM NaCl. The
washing process was repeated twice more. The washing was then repeated with a
buffer composed of 20 mM Tris-HCl pH 7.4, 0.1% TX-100, 150 mM NaCl and the
supernatant was decanted, the beads were then topped up to 25 mL with buffer
composed of 20 mM Tris-HCl pH 7.4, 0.1% TX-100, 150 mM NaCl and 100% glycerol
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(25 mL) was added. Immobilised protein on beads was stored in this 50% glycerol
solution at -20 °C until required.
The proteins were released from the beads as follows: The samples were
centrifuged at 3000×g for 10 min at 4 °C. Glycerol was decanted off. The beads were
washed with PBS (pH 7.3) buffer (up to 40 mL) twice. Subsequently, the buffer was
decanted off and when only a small amount of it remained, it was pipetted out. The
beads were then transferred to two universal tubes and resuspended with the smallest
possible amount of buffer.

The EGFP sample was split in half to perform both

glutathione and thrombin elutions. For the release of GST-EGFP with glutathione, the
following buffer was used: 15 mM glutathione, 250 mM NaCl, 20 mM Tris-HCl pH
8.5, 0.5% TWEEN (0.5 mL buffer per 1 mL slurry).	
   	
   The beads were incubated at room
temperature for 10 min with gentle rocking. Thrombin solution was prepared with 500
activity units per 0.5 ml PBS buffer. Beads were incubated at 37 ºC for 30 min with
shaking. For both glutathione elution and thrombin cleavage, the beads were separated
from the respective eluate using a Steriflip filter unit (Millipore). Samples were
analysed by SDS-PAGE.

7.2.4 Ion-exchange chromatography
For ion-exchange chromatography, the volume of the nanobody-containing
fractions was reduced using a spin concentrator with MWCO of 5 kDa (Sartorius
Vivaspin) and centrifugation at 3,000×g at 4 °C. The volume was checked every 30
min until it decreased to approximately 0.5 mL. Isoelectric points were calculated using
Geneious 6.0. Ion-exchange chromatography was performed on Mono S 5/50 GL
column. Fractions of 0.25 mL were collected. The buffer of the following composition
was used for loading: 20 mM Tris-HCl, 100 mM NaCl, 0.05% TWEEN-20, 5% glycerol
(for cysteine-containing mutants 1 mM DTT was additionally used). The buffer of the
following composition was used for elution: 20 mM Tris-HCl, 1 M NaCl, 0.05%
TWEEN-20, 5% glycerol (for cysteine-containing mutants 1 mM DTT was additionally
used). The pH of the buffer differed depending on the batch (5.5-8.0). The salt gradient
was applied over 28 mL.
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7.2.5 Size-exclusion chromatography
Size exclusion chromatography was performed either on a Superdex 200 10/300
GL or HiLoad 16/600 PG, 120 mL prepacked XK column (labelled nanobody only).
The protein was collected in 0.25 mL fractions. Size-exclusion buffer was made of 20
mM HEPES-NaOH pH 7.0, 150 mM NaCl, 5% glycerol, 0.05% TWEEN-20, 2 mM
TCEP.

7.2.6 Purification of the labelled 1×Cys nanobody using Activated Thiol Sepharose
4B beads
Dry bead mass (1 g) of Activated Thiol Sepharose 4B beads (GE) was
suspended in Milli-Q ultrapure water (4 mL). The suspension process was difficult,
therefore another portion of water (2.5 mL) was added. The supernatant was removed
by pipetting out. The beads were washed three times with Milli-Q ultrapure water
(5×50 mL), then they were washed with 20 mM Tris-HCl pH 7.47, 150 mM NaCl, 1
mM EDTA, 0.05% TWEEN-20, 5% glycerol. The process included vortexing and
centrifugation at 4 °C at 1000×g. After the supernatant was removed, Alexa Fluor 647
labelled 1×Cys nanobody in Tris-HCl buffer was added. The reaction took place at 4
°C for 30 min after which the beads were pelleted by centrifugation at 1000×g. The
supernatant, which contained only the labelled protein, was collected and stored.

7.2.7 Dialysis
Dialysis was performed using a 3,500 MWCO dialysis cassette (Thermo).
Dialysis took place against four changes of 900 mL of dialysis buffer (buffer
composition: 20 mM Tris-HCl pH 7.47, 150 mM NaCl, 1 mM EDTA, 0.05% TWEEN20, 5% glycerol. The buffer was degassed with nitrogen before adding TWEEN-20 and
glycerol. Dialysis was performed at 4 °C with constant gentle stirring in the dark. The
dialysis proceeded in the first beaker for 3 h starting at rt and gradually cooling down to
4 °C, then the cassette was moved to the second beaker, already cooled down to 4 °C
and kept there for another 3 h. Then the cassette was moved to the third beaker, also
cooled to 4 °C and dialysis proceeded overnight. Subsequently, the cassette was moved
to the fourth beaker, also cooled to 4 °C and dialysis proceeded again overnight. The
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concentration of 1×Cys nanobody labelled with Alexa 647 was measured. The average
from 3 measurements was: 0.8443 mg/mL.

7.2.8 Labelling
The labelling of 1×Cys nanobody with Alexa Fluor 647 C2 Maleimide (Thermo
Fisher Scientific) was carried out according to the manufacturer's instruction. The dye
was initially dissolved in DMSO (10 µL) and Tris-HCl buffer (60 µL) was added. The
buffer was composed of 20 mM Tris-HCl pH 7.4, 100 mM NaCl, 1 mM TCEP, 5%
glycerol, 0.05% TWEEN-20 with the buffer extensively degassed with nitrogen before
adding TWEEN-20. This solution was added to the nanobody, (3 mg of Alexa Fluor
647 were used, equivalent to 4.39 molar equivalents per 1 protein molecule). The
reaction proceeded in the dark at 4 °C over 5 days with stirring.

7.2.9 Protein quantification
Protein concentration was measured on a Nanodrop2000c and the average of
measurements was taken (n≥3). The degree of labelling of Alexa Fluor 647 1×Cys
nanobody was determined by measuring the absorbance at 650 nm and 280 nm
respectively.

7.2.10 MST (MicroScale Thermophoresis)
7.2.10.1 Labelling
The protein labelling was carried out using a Monolith NT Protein Labeling Kit
RED-NHS in a lysine-labelling experiment or Monolith NT Protein Labeling Kit REDMALEIMIDE in a cysteine-labelling experiment (both NanoTemper Technologies).
The concentration of the protein for labelling was adjusted to 10 µM with SDEX buffer
(with TCEP) and 100 µL of the protein was used in each labelling experiment. SDEX
buffer (with TCEP) (30 µL) was added to the vial with fluorescent dye and vortexed
well till all dye dissolved. The concentration of the dye was decreased by mixing the
dye solution (7 µL) with SDEX buffer (with TCEP) (93 µL). The protein solution (100
µL) was mixed with the dye solution (100 µL) and incubated for 30 min in the dark on
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the spinning roller. The free dye was removed from the sample using PD SpinTrap G25 (GE Healthcare Life Sciences) according to the manufacturer’s instructions.

7.2.10.2 MST measurement
The experiments were performed on a Monolith NT.115 instrument
(NanoTemper Technologies), with NT Control Software and NT Analysis Software,
using thermophoresis with temperature jump settings.

The capillaries used were

Monolith™ NT.115 Standard Treated Capillaries. The experiment in one capillary
lasted around 40 seconds.

The optimisation of binding reaction conditions was

established by cap-scan, and the concentration of the fluorescence species was adjusted,
so that fluorescence units were between 100-1500 fluorescence counts, as
recommended. The best ratio of serial dilution was predicted in the software and the
serial dilutions were performed in SDEX buffer, the samples were mixed in PCR tubes
by pipetting up and down prior to loading into the capillaries. LED and MST power
were optimised for each experimental condition.

7.2.10.3 MST analysis
The binding plots and fits were created using GraphPad Prism 5.04.
Normalisation was done to set BMax to 100% in Microsoft Excel. The non-linear fit of
the data was performed using a specific binding model with variable Hill coefficient
with Bmax value preset to 100%. Hill coefficients were calculated, as well as Kd and
their standard errors.

7.2.11 EGFP-nanobody binding assay
Glutathione Sepharose 4B beads were used in two tubes (300 µL beads in each)
and centrifuged for 1 min and the ethanol layer was pipetted out. SDEX TCEP buffer
(20 mM HEPES-NaOH pH 7.0, 150 mM NaCl, 5% glycerol, 0.05% TWEEN-20, 2 mM
TCEP) (1 mL) was added, the beads were vortexed briefly and again centrifuged and
the buffer was removed. The washing process was repeated. 120 µg of GST-EGFP was
placed in one of the tubes and topped up to 1 mL with the above SDEX TCEP buffer.
In the other tube there was no EGFP but the tube was topped up with the buffer to 1
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mL. The contents of two eppendorfs were vortexed briefly. Then they were both
incubated for 30 min at 4 °C at 1,200 rpm. The tubes were spun down and the
supernatant pipetted out. Then 1 mL of SDEX TCEP buffer was added to each tube,
vortexed briefly and centrifuged. Supernatant was removed. The washing was repeated
once. After that the tubes were topped up with SDEX TCEP buffer to 1 mL and
vortexed. The solutions were split into 8 tubes, four containing beads associated with
GST-EGFP and four with beads only. Different reagents were then added to tubes of
each of those two conditions: (1st tube) purified WT nanobody, (2nd tube) 1×Cys
nanobody, (3rd tube) 2×Cys nanobody, (4th tube) nothing was added. These tubes were
incubated at 4 °C for 30 min with 300 rpm shaking. Then the supernatant was pipetted
out. After that each tube was washed three times with 1 mL of SDEX TCEP buffer.
Then the solutions were topped up with the SDEX TCEP buffer to 60 µL in each tube.
Subsequently, 20 µL of 4×GSB buffer was added. The Eppendorf tubes were vortexed,
spun down and the beads collected at the bottom, while 20 µL was taken from the top
and SDS-PAGE was performed.

7.2.12 SDS-PAGE
To run protein gels, SDS-PAGE with Mini-Protean Tris/Glycine Precast Gels
(Bio-Rad) were used. The gels were run at 100 V for the first 20 min and at 160 V for
the remaining time. ~5 µg of protein per well were used. Prior to gel loading, the
samples were denatured with 2×GSB (5 µL, or if the sample contained also 2mercaptoethanol, 4.75 µL), and depending on the sample, supplemented with 2mercaptoethanol (0.25 µL) and were either boiled (92-95 ºC for 5 min) or not boiled
(see individual figures for conditions used). The ladder used was Precision Plus Protein
Dual Xtra Standards.
Immediately after the SDS-PAGE with Mini-Protean Tris/Glycine Precast Gel
had finished running, the gel was placed in a tank with the Coomassie stain. It was
warmed in the microwave until boiling. Then the tank was placed on a rocker for 10
min. Subsequently, the tank was again warmed in the microwave until boiling. After a
further 10 min of staining, the Coomassie stain was decanted and replaced with Milli-Q
ultrapure water and gently rocked overnight. The water was then replaced with a fresh
portion. The gel was rinsed with fresh portion of Milli-Q ultrapure water and visualised
on a white light transilluminator.
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7.2.13 SYPRO orange assay
Before SYPRO orange staining, proteins were run on SDS-PAGE as detailed
above. Three samples of BSA of different concentrations were prepared for the assay.
The maximum load of the BSA was 2 µg and a serial dilution using 2×GSB (1:1) was
performed to obtain next 5 samples. The Alexa 647 labelled 1×Cys nanobody loaded
on the same gel and the serial dilution 2:1 was performed. Prior to loading on the gel,
the PCR tubes with the samples were incubated for 5 min at 95 °C. SDS-PAGE was
run and the gel was stained for 30 min in SYPRO Orange (50 ml of 7.5% acetic acid
and 10 µl of SYPRO Orange) prior to imaging on a UV.

7.3 Cell biology
7.3.1 Maintenance of cell lines
All procedures were performed in a class 2 hood.

HEK-293 cells were

maintained in T75 flasks in Dulbecco's Eagle Medium (DMEM) (Gibco) supplemented
with heat-inactivated FBS (10%)(Gibco) and GlutaMAX (1%)(Gibco), which
constituted the DMEM complete medium. At 80-90% confluence, which was around
every 3-4 days, the cells were passaged 1:5 by washing with Versene solution (5 mL)
and incubating in Trypsin (3 mL) until they began to detach. The trypsinisation was
stopped by the addition of 6 mL of DMEM complete medium and cell aggregates were
dissociated by repeatedly pipetting the suspension up and down. The cell cofluency
was checked using a haemocytometer. The cell solution was diluted with DMEM
complete medium to obtain a concentration of ~6.00×10-5 cells/1 mL.

At this

concentration, the cells were plated into 6-well plates, 2 mL of the cell solution in each
well, and the plates were placed in the incubator at 37 ºC and 5% CO2.

7.3.2 Transfection
For single transfections, 4 µg of plasmid DNA was used, 6 µL of Lipofectamine
2000 transfection reagent (Invitrogen) and 500 µL DMEM clear serum-free medium per
one 25 mm coverslip. For samples containing vector with EGFP crippled CMV-C2
(Addgene), pBluescript II KS(+) (3.9 µg)(Stratagene) and pEGFP-crippledCMV-C2SNAP-25 (0.1 µg) were applied. First, DMEM (250 µL) was mixed with Lipofectamine
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(6 µL). In the second falcon tube, DMEM (250 µL) was mixed with plasmid DNA (4
µL). The tubes were left to stand for 5 min. Subsequently, the contents of both tubes
were mixed and left standing for 20 min. After that, the contents of two tubes were
combined and added to the wells, which were then placed in the incubator.

7.3.3 Cover glass coating
For all microscopy, 25 mm 1.5H coverslips were used (Marienfeld). A 1%
Hellmanex III (Hellma Analytics) solution was prepared in Ultrapure Milli-Q water
(total volume of 500 mL) and the solution was microwaved to ~70 ºC. Subsequently,
the coverslips were sonicated in this liquid for 10 minutes. The coverslips were then
washed by submerging sequentially in 3×1 L of Ultrapure Milli-Q water. They were
then briefly submerged in ethanol (100%, 250 mL), acetone (100%, 250 mL) and
Ultrapure Milli-Q water (1L). After that they were placed in a dish containing poly-Dlysine solution (50 µg/mL) and incubated for 1 hour. This step was not performed for
the samples of antibody and nanobody on glass.

The coverslips were rinsed

individually in the Ultrapure Milli-Q water and then dried and sterilised on a sterile
tissue in the laminar hood under a UV light for 1 h. They were stored individually in 6well plates at 4 ºC.

7.3.4 Fixation
The HEK293 transfected cells were washed two times with PBS buffer. Then
they were incubated for 4 h in 4% PFA at room temperature. The cells were washed
again with PBS buffer twice. Subsequently, the cells were incubated for 10 min in 50
mM ammonium chloride. They were again washed twice with PBS buffer.

7.3.5 Immunostaining
After fixation, the cells were incubated with Triton X-100 (0.5% in PBS) for 4
min. The cells were washed twice with PBS buffer. The sample was then incubated in
PBS with 0.5% gelatin from cold water fish skin (Sigma-Aldrich) for 15 minutes. The
sample was then washed twice with PBS. For the samples with crippled-CMV EGFP,
the nanobody was then dissolved in PBS with 0.5% gelatine, to a concentration of 0.586
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µg/ml. Drops of 100 µl were placed on a sterile parafilm in a humid environment,
subsequently the coverslips with fixed cells were placed on top of them (cells facing the
nanobody drop, which was aimed to be at the centre) and incubated at 4 ºC overnight.
The samples were then washed thoroughly five times with the PBS enriched with 0.5%
gelatine. The samples for use in the polarisation experiment were again fixed with
PFA.

7.4 Microscopy
7.4.1 Immobilisation of proteins on glass
The antibodies used were Alexa Fluor 647 F(ab')2 fragment of Goat Anti-Mouse
IgG (H+L) (Fisher Scientific). The nanobody was the Alexa Fluor 647 labelled and
purified anti-EGFP 1×Cys nanobody. Cell-Tak (Corning) was used to attach the protein
samples to the coverslips. Per well: Cell-Tak (1.5 µL) was diluted in 100 mM sodium
bicarbonate solution (18.5 µL) and placed in the middle of a coverslip and incubated for
20 min. Subsequently, the Cell-Tak solution was removed and the spot was washed
with 20 µL of PBS buffer three times. Then a solution of the antibody (20 µL at the
concentration of 4 nM) was placed in the middle of the coverslip. After 30 min, the
antibody was removed and the spot was washed 3×20 µL of the PBS buffer. Cavity
slides (VWR) were used for mounting. Before mounting, the slides were filled with 50
mM cysteamine) and sealed immediately with silicon seal (Picodent twinsil 22). The
nanobody sample preparation followed the same procedure.

7.4.2 Microscope configuration
The microscope used was a TIRF Olympus IX81 with Olympus UApo N
150×/1.45 Oil ∞/0.13-0.19/FN22 objective, with 0.17 coverslip thickness setting.
Samples were illuminated using 100 mW 491 nm or 640 nm lasers delivered through a
fully motorised MITICO TIRF combiner. All hardware was controlled using Cell
Excellence software (Olympus). The samples were imaged at 21 °C using a nose-piece
stage (Olympus). All data were acquired using an EMCCD camera (Hamamatsu) with
a 16 µm pixel. In combination with the 150× objective this yielded an effective pixel
size in the image of 106 nm. The bead experiments involved imaging sub-diffraction203
	
  

sized Fluorosphere beads was performed on an Olympus IX71 microscope equipped
with an Orca Flash 4.0 sCMOS camera (Hamamatsu). All filters were from Chroma.

7.4.3 TIRF acquisition
Each laser line was coupled into the TIRF combiner separately to allow
individual TIRF angle adjustments.

7.4.4 dSTORM
For Alexa 647 dSTORM acquisition the 100 mW 640 nm laser was used at
100% (equivalent to 25 mW at the objective), an exposure time of 31.00 ms for 10,000
frames under TIRF illumination. 50 mM cysteamine buffer was used in an oxygen-free
environment. For all dSTORM experiments the EM Gain was used in the linear range
between 100 and 300.

7.4.5 Construction and testing of the polarisation splitter
The polarisation splitter was built from individual components (Thorlabs Inc).
The parts are listed in Chapter 8, Appendix 8.3 (Paul Dalgarno, Heriot-Watt
University). The polariser was sitting on a CRM1/M - Cage Rotation Mount for Ø1"
Optics, SM1 Threaded, M4 Tap. FluoSpheres Carboxylate-Modified Microspheres,
0.04 µm, yellow-green fluorescent (505/515) (Molecular Probes) were used to carry out
the initial testing of the polarisation splitter (Figure 4.9). For data in Figure 4.10
TetraSpeck Fluorescent Microspheres Size Kit was used (ThermoFisher Scientific).
The recordings in both polarisation channels were recorded simultaneously in one field
of view.

7.4.6 Analysis of polarisation datasets
To study polarisation of the fluorophores on glass, for registration we used
Fluorosphere beads recorded in one field of view showing both channels side by side.
We split this image into two separate images, one of each channel, using the TransformJ
plugin, crop function. The first frame of each channel was subsequently multiplied by
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10,000 to match the number of frames recorded for the Alexa 647 1×Cys nanobody on
glass experiment. Subsequently, registration in ImageJ was performed using plugin
Multistackreg. During registration, a transformation file was generated, which was later
used to translate the Alexa 647 1×Cys nanobody data from both channels. The inbuilt
ImageJ image calculator was used to create a polarisation map, were the polarisation
ratio formula (1.3) was used. The images were submitted for calculation in 16 bit
format, while the result was returned in 32 bit (float) format. The displayed polarisation
range was scaled from 1 to -1 by adjusting contrast settings.
The pSTORM experiments involving EGFP-Lifeact marker and Alexa 647
1×Cys nanobody were divided into two channels of orthogonal polarisations in the
analogous way, however, the first frame of the EGFP channel was used for registration
rather than the beads.

7.4.7 Analysis of dSTORM data using ThunderSTORM
All dSTORM data was localised using ThunderSTORM, Plugin of ImageJ
(Ovesný et al., 2014).

Default settings were used for the localisation step. Post–

localisation the samples were subjected to drift correction where required, as well as
merging (performed with a maximum distance of 30 nm, maximum off frames 1,
maximum frames per molecule 0) and density filtering the distance radius of 50 nm was
applied with 5 minimum numbers of neighbours within the radius.
The images representing pseudo-diffraction limited experiments, equivalent to
viewing all of the flash events at the same time were visualised using a normalised
Gaussian method with magnification 1 and the lateral uncertainty of half of the
wavelength of the observed fluorophore. The super-resolution rendered images were
achieved by applying also normalised Gaussian with magnification 100 and the lateral
uncertainty set to the calculated uncertainty of the localisation for each blink event.

7.4.8 Bayesian analysis
Bayesian cluster analysis was performed as previously reported (RubinDelanchy et al., 2015). Software from this publication was run using R and the
graphical user interface R Studio. As recommended by the authors, all priors remained
as the default values. Following automatic selection of the most likely cluster solution,
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the number of localisations and radii of each cluster was outputted.

These were

combined from multiple fields of view and graphs generated using Prism (Graphpad).
The statistical analysis was done using two-tailed Mann–Whitney U test.

7.4.9 Nearest neighbour analysis
Nearest neighbour analysis was performed in MATLAB (Mathworks).
Following assignment of each dSTORM localisation to its nearest EGFP molecule the
position of each EGFP localisation was translated to the origin with the associated
dSTORM molecules subjected to the same translation matrix. Data from multiple fields
of view were combined, this was to generate a cloud of localisations centred around the
origin. This scatter plot was then converted to a two-dimensional probability histogram
and presented as a colour coded scatter plot using Plotly.

The FWHM of this

distribution was then calculated and presented as a dashed circle.

7.5 Miscellaneous
ÄKTA protein purification system was used with UNICORN 5.0 software. For
statistical analysis, GraphPad Prism 5.04 was used.

7.6 Materials and solutions
All chemicals were purchased from Sigma Aldrich, unless otherwise stated.

TFB1
30 mM potassium acetate
10 mM calcium chloride
50 mM manganese chloride
100 mM rubidium chloride
15% glycerol
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Adjusted to pH 5.8 with 1M acetic acid, filter sterilised and cooled down to 4 ºC

TFB2
10 mM MOPS
75 mM calcium chloride
10 mM rubidium chloride
15% v/v glycerol
Adjusted to pH 6.5 with 1M KOH, filter sterilised and cooled down to 4 ºC
	
  

LB medium/1L
10 g tryptone
5 g yeast extract
5 g sodium chloride
pH 7.4 adjusted with NaOH
	
  

LB agar
LB broth supplemented with 15% w/v agar.
	
  

2×TY medium/1L
16 g tryptone
10 g yeast extract
5 g sodium chloride
pH 7.4 adjusted with NaOH
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Resuspension Buffer
20 mM Tris-HCl pH 7.0
100 mM sodium chloride
20 mM imidazole
0.05% v/v TWEEN-20
5% v/v glycerol
1 protease tablet/50mL buffer
TX-100 up to 2% v/v added to the resuspended pellet
(for cysteine-containing mutants 1 mM DTT was additionally used)
	
  

HisTrap Binding Buffer
20 mM Tris-HCl pH 7.0
100 mM sodium chloride
20 mM imidazole
0.05% v/v TWEEN-20
5% v/v glycerol (for cysteine-containing mutants 1 mM DTT was additionally used)

HisTrap Elution Buffer
20 mM Tris-HCl pH 7.0
100 mM sodium chloride
500 mM imidazole
0.05% v/v TWEEN-20
(for cysteine-containing mutants 1 mM DTT was additionally used)
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SDS Sample Buffer (4×)
200 mM Tris-HCl pH 6.8
6.4% SDS
5 mM EDTA
16% v/v glycerol
A few grains of bromophenol blue
	
  

Coomassie protein stain/1L
100 ml methanol
200 ml glacial acetic acid
A pinch of Coomassie Brilliant Blue R-250 Dye

Mono S Binding Buffer
20 mM Tris-HCl pH of 7.0
100 mM sodium chloride
0.05% v/v TWEEN-20
5% v/v glycerol
(for cysteine-containing mutants 1 mM DTT was additionally used)
Degassed over nitrogen for 30 min.
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Mono S Elution Buffer
20 mM Tris-HCl pH 7.0
1 M sodium chloride
0.05% v/v TWEEN-20
5% v/v glycerol
(for cysteine-containing mutants 1 mM DTT was additionally used)
Degassed over nitrogen for 30 min.
	
  

Size-exclusion buffer
20 mM HEPES-NaOH pH 7.0
150 mM sodium chloride
5% v/v glycerol
0.05% v/v TWEEN-20
2 mM TCEP
Degassed over nitrogen for 30 min.
	
  

Tris buffer for GST-EGFP resuspension (10 mL/1L of 2×TY medium culture)
20 mM Tris-HCl pH 7.4
0.1% v/v TX-100
150 mM sodium chloride
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Glutathione Elution Buffer (pH 8.5)
15 mM glutathione
250 mM sodium chloride
20 mM Tris-HCl pH 8.5
0.5% v/v TWEEN-20

Washing buffer for Glutathione Sepharose 4B beads
20 mM Tris-HCl pH 7.4
150 mM sodium chloride
0.05% v/v TWEEN-20

Dialysis buffer
20 mM Tris-HCl pH 7.47
150 mM sodium chloride
1 mM EDTA
0.05% v/v TWEEN-20
5% v/v glycerol

Buffer for Activated Thiol Sepharose 4B reaction
0.1 M Tris-HCl pH 7.47
0.5 M sodium chloride
1 mM EDTA
0.05% v/v TWEEN-20
5% v/v glycerol
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Tris-buffer for EGFP-nanobody binding assay
20 mM Tris-HCl pH 7.4
150 mM sodium chloride
0.1% v/v TX-1000
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Appendix 8.1 Computational chemistry
Bismaleimide linker (A)
Minimum energy/AU

Distance between C (C=C) on
two different maleimides/Å

-1385.62867246

16.2-17.0

-1385.64291173

14.9-16.0

-1384.70335608

15.3-16.0

-1384.72055076

14.9-15.1

Minimum energy

Distance between sulfur atoms/Å

-2703.51951484

9.55156

-2703.54398689

9.65067

-2702.28687770

9.48661

-2702.31354295

9.54273

B3LYP
PCM
B3LYP
SMD
B97D
PCM
B97D
SMD
TCPPCP fragment (B)
B3LYP
PCM
B3LYP
SMD
B97D
PCM
B97D
SMD

TCPPCP fragment with the bismaleimide linker bound (AB)
B3LYP
PCM
B3LYP
SMD
B97D
PCM
B97D
SMD

Minimum energy

Distance between sulfur atoms/Å

-4089.21416425

9.72410

-4089.26914255

9.61772

-4087.07411693

9.78294

-4087.13076073

9.26373

ΔE = EAB - (EA + EB)
ΔE = EAB - (EA + EB)/AU
B3LYP
PCM
B3LYP
SMD
B97D
PCM
B97D
SMD

Minimum energy/kJ×mol-1

-0.06597695

-173.22249542

-0.08224393

-215.931454664

-0.08388315

-220.235227102

-0.09666702

-253.799280343
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Figure 8.1 Initial purification of the WT nanobody using affinity chromatography. (A) Purification on a HisTrap FF crude column showing the elution profile, measured A280 and collected
fractions. UV absorption (green curve) is shown along with the rising imidazole gradient, red line.
The zoomed region of graph on the left (depicted in blue) was shown separately on the right, with
the fractions containing the WT nanobody. (B) SDS-PAGE of the fractions containing WT nanobody of approximately 15 kDa.
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Figure 8.2 Purification of the WT nanobody using ion-exchange chromatography. (A) Purification on Mono S 5/50 GL, a graph showing measurement curves and collected fractions. UV
absorption (green curve) is shown along with the elution gradient (red line) until the end of the
experiment. The zoomed region (depicted in blue) is shown separately on the right, with the
fractions containing the WT nanobody. (B) SDS-PAGE of the fractions containing WT nanobody.
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Figure 8.3 Purification of the WT nanobody using size-exclusion chromatography. Superdex 200 10/300 GL column was used. (A) A graph showing the only peak present in the UV
absorbance curve (green), the experiment was conducted over a total volume of 40 ml. (B)
SDS-PAGE of the fractions containing WT nanobody. Combined fractions C5-C9 (right) showing
a pure sample, concentration: 0.9 mg/ml.
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Figure 8.4 Initial purification of the 2×Cys nanobody using affinity chromatography. (A)
Purification on a HisTrap FF crude column showing the elution profile, measured A280 and
collected fractions. UV absorption (green curve) is shown along with the rising imidazole gradient,
red line. The zoomed region of graph on the left (depicted in blue) was shown separately on the
right, with the fractions containing the 2×Cys nanobody. (B) SDS-PAGE of the fractions containing
2×Cys nanobody of approximately 16 kDa.
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Figure 8.5 Purification of the 2×Cys nanobody using ion-exchange chromatography. (A)
Purification on Mono S 5/50 GL, a graph showing measurement curves and collected fractions.
UV absorption (green curve) is shown along with the elution gradient (red line) until the end of the
experiment. The zoomed region (depicted in blue) is shown separately on the right, with the
fractions containing the 2×Cys nanobody. (B) SDS-PAGE of the fractions containing 2×Cys nanobody.
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Figure 8.7 A pulldown assay to detect dialysed 1×Cys nanobody binding to immobilised
EGFP. Glutathione Sepharose 4B beads were used to immobilise GST-EGFP. These beads were
then mixed with 1×Cys nanobody individually and bound material analysed, after extensive washing, by SDS-PAGE. 1×Cys nanobody was able to bind to the EGFP, as indicated by ~16 kDa band
in the last row.
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Appendix 8.3 Components of the final design of the polarisation
splitter (table by Paul Dalgarno).
Item number in
Thorlabs
Description
catalogue
Longpass Dichroic: 50%
DMLP567R
Transmission/Reflection at 567nm
1" Broadband Dielectric Elliptical Mirror, 400 BBE1-E02
750 nm
CM1-DCH/M Dichroic Cage Cube
Right-Angle Kinematic Mount for 1" Elliptical
KCB1E
Optics, 30 mm Cage and SM1 Lens Tube
Compatible
VA100/M
Adjustable Mechanical Slit, Metric
AC254-250-A 250mm Achromatic Doublet
ERSCA
Rod Adapter for Ø6 mm ER Rods, Qty. 1
SM1CP2
End Cap External Threads, SM1 Series
ER05
Cage Assembly Rod, 1/2" Long, Ø6 mm, Qty. 1
ER1
Cage Assembly Rod, 1" Long, Ø6 mm, Qty. 1
ER1.5
Cage Assembly Rod, 1.5" Long, Ø6 mm, Qty. 1
ER2
Cage Assembly Rod, 2" Long, Ø6 mm, Qty. 1
ER8
Cage Assembly Rod, 8" Long, Ø6 mm, Qty. 1
Post Holder with Spring-Loaded Hex Locking
PH1.5/M
Thumbscrew, L = 38.1 mm
Ø12.7 mm x 50 mm Stainless Steel Optical Post,
TR50/M
M4 Stud, M6 Tapped Hole
BA2/M
Mounting Base, 50 mm x 75 mm x 10 mm
SM1-Threaded 30 mm Cage Plate, 0.35" Thick,
CP02/M
1 Retaining Ring, Metric
CP12
30 mm Cage Plate with 1.2" Bore
SM1 Lens Tube, L = 0.3", One Retaining Ring
SM1L03
Included
SM1 Lens Tube, L = 1/2", One Retaining Ring
SM1L05
Included
SM1 Lens Tube, L = 1", One Retaining Ring
SM1L10
Included
SM1 Lens Tube, L = 2", One Retaining Ring
SM1L20
Included
SM1 Lens Tube, L = 3", One Retaining Ring
SM1L30
Included
Ø1" SM1 Rotating Adjustable Focusing
SM1V05
Element, L = 1/2", 0.32" Travel
Ø1" SM1 Rotating Adjustable Focusing
SM1V10
Element, L = 1", 0.81" Travel
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Quantity
2
3
2
3
1
4
15
2
3
6
5
4
6
3
3
3
6
2
4
2
8
2
1
1
2
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