Single-molecule fluorescence of internalised
biomolecules in live bacteria

Anne Plochowietz

A thesis submitted in partial fulfilment of the requirements for the degree of Master

of Science by Research at the University of Oxford

University College

University of Oxford

Michaelmas Term 2012






Disclaimer

| hereby declare that the work in this thesis is that of the candidate alone, except
where indicated in the text, and as described below.

e The microscope setups were designed and built by Dr. Ludovic Le Reste, Dr.
Johannes Hohlbein, Dr. Ling Chin Hwang, Stephan Uphoff and Justin Pinkney.

Hidden Markov Modelling analysis was implemented by Kristofer Gryte.

The localisation and tracking software was developed by Dr. Seamus Holden
and Stephan Uphoff.

Initial experiments were performed under the guidance of Dr. Robert Crawford.

The experiment on T7 RNA polymerase internalisation and expression of Emer-
ald GFP in live bacteria was performed by Dr. Louise Aigrain.

Anne Plochowietz
November 2012



SINGLE-MOLECULE FLUORESCENCE OF INTERNALISED
BIOMOLECULES IN LIVE BACTERIA

Anne Plochowietz, University College
(Biological Physics Research Group, Department of Physics)

Thesis submitted for the degree of Master of Science by Research
at the University of Oxford, Michaelmas Term 2012.

ABSTRACT

In the last two decades emerging single-molecule fluorescence tools have been de-
veloped and adapted to study individual molecules in vitro under various conditions
and to reveal biochemical and cellular processes in live cells with high precision.
Single-molecule investigations in vivo rely mainly on fluorescent protein (FP) fusions
with low quantum yield and photostability. Methods to introduce organic-labelled flu-
orescent molecules into cells have been achieved for mammalian cells via microin-
jection (not possible with bacteria) and are limited in throughput.

We have developed a physical transfection method for delivering organic-fluorophore
labelled biomolecules into live bacteria for single-molecule studies. We internalised
labelled dsDNA and proteins (up to 100 kDa) with high efficiency whilst maintain-
ing cell viability. | was able to count the number of internalised molecules through
photobleaching analysis. From this analysis, | was able to tune the concentration
of internalised material from high concentrations compatible with localisation-based
super-resolution imaging to lower concentrations compatible with single-molecule ob-
servation. Using localisation and tracking algorithms | followed the diffusion of indi-
vidual molecules for up to 10s and monitored the tracking paths within the cellular
cytoplasm.

This method allows us to observe molecules for up to 10 minutes (FPs ~ 5s) un-
der continuous illumination opening a new time regime to study biological processes.
Our approaches are general and widely applicable to different microorganisms using
biomolecules labelled with organic fluorophores already available for in vitro experi-
ments.
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Chapter 1

Introduction

The ability to probe single biological molecules in vitro and in live cells has been de-
veloped over the last two decades (1} 2). Single-molecule fluorescence microscopy is
an important tool to reveal fundamental biological processes such as membrane pro-
cesses, activity of central dogma enzymes and processes involved in gene regulation
with unprecedented precision (3).

Single-molecule fluorescence studies report the behaviour of individual molecules
giving direct access to molecular heterogeneities and allow real-time observation
of state transitions or conformational dynamics that are inaccessible to ensemble
measurements (4). For example, kinetics studies of binding and dissociation of tran-
scription factors at the single-molecule level were carried out to study the regulation
of gene expression (5). Recent studies have shown that single transcription factor
binding events are capable of profoundly altering cellular phenotypes (6). Further-
more, single-molecule Forster resonance energy transfer (FRET) studies can mea-
sure conformational changes at the biologically relevant size scale (with a resolution
of ~ 0.5nm in the 2 - 10 nm distance range). Applying single-molecule FRET, mech-
anistic details by which nucleic acids and proteins fold were studied (7).

Since native biomolecules are generally not optically detectable at the single-molecule
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level a fluorescent probe can be attached to the biomolecule. Fluorescent proteins
(FP) and organic fluorophores are mainly used for single-molecule fluorescence mi-
croscopy studies (8).

However, single-molecule fluorescence and FRET studies are often limited to in vitro
settings, due to the difficulty of introducing the labelled biomolecule of interest into liv-
ing cells. While in vitro experiments allow control over experimental variables, the be-
haviour of particular systems may differ inside the cell; physiological concentrations
of enzymes and substrates, competitive molecular interactions and macromolecular
crowding might alter the molecular behaviour (9).

In vivo single-molecule fluorescence dependent on FP fusion with the protein of in-
terest was observed in Caulobacter cells in 2004 (10) and in E.coli cells in 2006 (11).
Fluorescent proteins fusions are used for instance to track changes in protein num-
ber, to observe the labelled protein’s binding behaviour and to study gene expression.
But FPs are limited by their low brightness and photostability, relatively large size of
2-4 nm compared to organic dyes. Moreover, the labelling with FP is restricted to the
N- or C-terminus limiting their application in FRET assays.

Single-molecule FRET was reported in living cells in 2010 (12). In this study, proteins
labelled with organic fluorophores were introduced via microinjection into mammalian
cells. Due to the size of the injection needle () 5 um), this internalisation method can-
not be applied to bacteria (size of 1-3 um) and is laborious when applied to several
cells. Further, the laborious nature of the work prevented the adoption of the microin-
jection technique by other labs up to now.

A high throughput method to introduce biomolecules labelled with organic fluorophores
into bacterial and eukaryotic cells is needed. Thus, single-molecule fluorescence
and single-molecule FRET measurements can be carried out in vivo to observe

biomolecules, proteins such as DNA processing proteins and transcription factors,
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in the cellular environment with high spatial resolution. Thus, the molecules’ diffusion
behaviour, their localisation within the cell and their binding to cellular substructures
could be studied with down to 20 nm precision (13) and intra-molecular dynamics can

be observed with a resolution of ~ 0.5 nm.

Chapter organisation

In this work electroporation is presented as a high throughput internalisation method
of biomolecules such as short DNA fragments and proteins labelled with organic flu-
orophores into living bacteria. High internalisation efficiencies of >80% for DNA and
a high cell viability after electroporation were achieved (chapter [3). Using stepwise
photobleaching studies and wide-field imaging, | showed that 1 to ~ 1000 molecules
can be internalised in a single cell (chapter [4). At the single-molecule level, | used
long diffusion tracks to monitor diffusion paths and apparent diffusion coefficients
within the cell. The fluorescence signal of a single molecule could be observed for
up to ~ 10 minutes under continuous illumination opening a new temporal regime
for studying cellular processes (chapter [5). The performance of the internalisation
method for single-molecule observation in live bacteria and further applications, e.g.

in vivo FRET studies, are discussed in chapter[g]



Chapter 2

Concepts of in vivo single-molecule

fluorescence

An individual fluorophore molecule was first directly detected in aqueous solution by
Keller and co-workers in 1990 (14). Since then improvements in the photophysical
properties of the fluorophores and the sensitivity of optical imaging techniques have
allowed the probing of single fluorescent molecules in vivo (2).

| present the key concepts to study single-molecule fluorescence in live bacteria. The
relevant photophysical processes are described by means of two fluorophores used
in this work (Cy3B — cyanine dye, ATTO647N — oxazine dye). Furthermore, the ‘host’
of the in vivo studies, the bacterium Escherichia coli, is presented and methods to

introduce labelled biomolecules into bacterial cells are described.

2.1 Photophysics

To optically detect individual biomolecules a fluorescent probe must be attached to
the biomolecule. Single-molecule fluorescence studies rely on the information re-

vealed by the fluorophore attached to the biomolecule such as the molecule’s exis-
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tence, position and movement. Thus, understanding the photophysical properties of
the fluorophore is of immense importance to interpret single-molecule fluorescence

observations.

2.1.1 Fluorescence

Generally, a fluorophore is a compound that absorbs energy of specific wavelength
and emits energy at a different but equally specific wavelength. The spectrum of the
emitted energy is a property of the fluorophore and might be affected by its chemical
environment. The shift of the fluorescence emission band compared to the absorp-
tion band is caused due to radiationless deactivation processes such as vibrational
relaxation via interaction with other solvent molecules (15). This phenomenon is
called Stokes shift and is visualised in the absorption and emission spectra of the
dyes Cy3B and ATTO647N in fig. The spectrally red-shifted fluorescence emis-
sion can be efficiently detected using sensitive optical filtering.

Fluorophores exhibiting absorption in the visible spectrum are highly conjugate mo-
lecules, i.e. their carbon chain presents several double bonds separated by a single
bond. In a conjugated chain, carbon atoms are linked by o-bonds and are located
in a common plane due to the o-electrons wavefunction rotational symmetry. The
conjugated system is embedded in a charge cloud of delocalised 7-electrons char-
acterised by a wavefunction having a node in the carbon chain plane. This 7-bonds
are weaker since the w-orbitals exhibit less overlap due to their parallel orientation.
The delocalised m-electrons of these compounds can be excited by photons in the

visible range of 390 nm to 750 nm and thus the fluorophore exhibit colour.
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Figure 2.1: Absorption and emission spectra of fluorophore Cy3B (green) and ATTO647N (red). The
emission spectra are red-shifted to the absorption spectra (Stokes shift) and thus allow separation of
fluorescence emission via optical filtering.

2.1.2 Jablonski diagram

The possible transitions in the quantum states of a fluorophore can be visualised
in the Jablonski diagram, fig. [2.2} a representation of the one dimensional energy
landscape of the molecule’s states. Quantum states can be separated into singlet
states (paired electron spins) and triplet states (one set of unpaired electron spins).
These states are superimposed with vibrational and rotational states. But the rota-
tional quantum state (~ 0.001eV) can be neglected at room temperature (thermal
energy ~ 0.025¢eV).

The absorption of a photon with energy, £ = hzﬂ, results in the excitation of the
fluorophore from the lowest energetic state Sy to the first excited state S;. This
process can be considered as instantaneous (< 1fs). Fluorophores excited in higher

vibrational states of singlet states relax to the lowest vibrational state of .S5; with a rate

v: photon frequency, h: Planck constant



Chapter 2. Concepts of in vivo single-molecule fluorescence 7

s A S vibrational relaxation
2 ; —
| 5 Ty
i Internal conversion | i
|
1 | |
| |
: Intersystem i !
L/ crossin o
s ; . ooseng —
i ——
| ;
Absorption | Fluorescence / ;
|
A AN hvp | [
hva | hva| | hvg Phosphorescence '
|
| |
2 —¥
So : 1 — y

Figure 2.2: Jablonski diagram showing singlet states Sy, S1 and S; and triplet states 77 and 75 with
first 5 vibrational states. The state transitions are indicated with different kind of arrows.

constant of k,; ~ 101°-10%? s~ via thermal collision with molecules (16).

Fluorophores in the first excited singlet state S; exhibit several phenomena

e radiative depopulation to ground state .S, by spontaneous emission of a photon;

fluorescence
e spin reversion by intersystem crossing into the first excited triplet state 7}

e radiationless internal conversion followed by vibrational relaxation to ground

state Sy

e singlet-singlet absorption and subsequent ionisation of the fluorophore (57 —

S,); one possible photobleaching pathway

e excitation to the higher singlet state S, followed by relaxation through internal

conversion and vibrational relaxation
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Although triplet-singlet state transitions are spin forbidden processes, the probability
of intersystem crossing increases if there is a sufficient overlap of higher vibrational
levels of the triplet state with lower vibrational levels of the singlet state. Triplet states
exhibit very long lifetimes (up to 100 s whereas singlet state lifetimes are in the order
of a few nanoseconds) and can only depopulate through vibrational relaxation fol-
lowed by intersystem crossing or phosphorescence. Phosphorescence only occurs
at low temperatures or in highly viscous media.

The various depopulation pathways of excited fluorophore states and their kinetic

rates are listed in tab.

Internal conversion S, — 51, T, =T} ki. 1010 — 104 st
Internal conversion S —= Sy ki 108 —107s7!
Vibrational relaxation S1ven — S1u=0 kpr 1010 — 1012571
Singlet-singlet absorption  S; — S,, kege 1019571
Triplet-triplet absorption T — T, kewe 1019571
Intersystem crossing S1—Ty,S, =T, T, = Sn  kise 10°—10%8s71
Fluorescence S1— Sy kp 107 —10s7!
Phosphorescence T — So ky, 1072 -103s1

Table 2.1: List of possible depopulation pathways of excited fluorophores and transition rates (16).

The ideal fluorophore would cycle between the ground state and the first excited
singlet state with two rates k.. and k; yielding a quantum yield of 100%, ®; =
kf_’i—gnf = 1, if no non-fluorescent transitions occur (k,; = 0). However, due to
the presence of competing depopulation pathways of S; as described above, the
fluorescent quantum yield never reaches 100%. Here, mainly intersystem crossing

into long-lived triplet states decreases the probability to detect a fluorophore.
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2.1.3 Photobleaching and blinking

Furthermore, irreversible photobleaching has to be considered when analysing the
fluorophore’s capability for fluorescence studies. Photobleaching is the loss of the
dye’s ability to emit fluorescence due to an irreversible reaction changing absorption
and emission.

The pathways for photobleaching are complex and not fully understood and are de-
pendent on the fluorophore, the environment of the fluorophore and the excitation
settings (17, [18). In general, fluorophores in higher excited states especially triplet
states with their long lifetime and slow rate of depopulation pathways are more reac-
tive and thus more prone to photobleaching. The two major routes of photodestruc-
tion are via (i) photo-oxidation, the oxidation of a fluorophore in the triplet state by
molecular oxygen and (ii) photoionisation, the formation of radical ions upon excita-
tion to higher excited states (16).

In order to reduce photobleaching the time the fluorophore spends in long-lived triplet
states or highly reactive excited states has to be minimised. Since molecular oxygen
is directly (photo-oxidation) or indirectly (photoionisation) responsible for the photode-
struction of fluorophores, enzymatic oxygen scavenging systems such as glucose
oxidase-based systems have been developed (19, 20, 21).

However, molecular oxygen quenches the dye’s triplet state resulting in a triplet state
lifetime of a few microseconds in aqueous solution (22). Thus, oxygen removal re-
sults in an increase in the triplet state lifetime up to several milliseconds (23, 24, 25).
Since triplet state blinking is not desired in many single-molecule applications an al-
ternative triplet state quencher such as reducing compounds as (3-mercaptoethanol
(BME), 3-mercaptoethylamine (MEA) and Trolox (26 27, [28) were introduced. Fur-
thermore, blinking can be caused by photoinduced electron transfer via collisions of

the molecule with electron donors or acceptors and occur mainly in the long-lived
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triplet state of the fluorophore. The resulting dark states can be ascribed to reduced
or oxidised states of the fluorophore (redox blinking, (22)).

The addition of a combination of enzymatic oxygen scavenging system and triplet
state quencher can effectively reduce blinking and photobleaching of fluorophores.
The buffer systems can be easily controlled in in vitro settings but are rather difficult
to introduce in in vivo studies. Note that in this study, no substances to control the
photophysical properties of the dye in vivo were used and further studies on the dye’s

properties in live settings and their control have to be carried out.

2.2 In vivo fluorescent labels

Fluorophores for in vivo studies have to fulfill a list of requirements: (i) a high bright-
ness (~ ®;-¢) to enhance single-molecule fluorescence detection and thus a high flu-
orescence quantum yield (®; > 0.1) and a high extinction coefficient (¢ > 105cm~*M™1),
(ii) a short fluorescence lifetime (77 < 5 ns) to reduce the probability of non-fluorescence
transitions, (iii) a large Stoke shift (15-30 nm) to be able to filter the excitation from
the emission light, (iv) a high photostability and (v) a high biocompatibility (16).

The commercially available organic fluorophores used in this study (cyanine dyes:
Cy3B and Alexa647, oxazine dye: ATTO647N) fulfill all these requirements. These
dyes are widely used in sensitive single-molecule fluorescence studies (22). From
these studies it is known that Alexa647 is less photostable compared to ATTO647N
or Cy3B and exhibits blinking behaviour which is used in localisation-based super
resolution studies (29, 30). The photophysical properties of the fluorophores are
listed in tab. For labelling of biomolecules such as DNAs and proteins, the dye
must carry a functional group allowing covalently binding to free amino or thiol groups.

NHS ester conjugated dyes are commonly used for in vitro amino group labelling; also
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used in this work. The challenge is then to introduce the biomolecules labelled with
organic fluorophores into the live cell. Such internalisaton methods are described in

Sec.

Fluorophore  Aege (nM)  Agy (nm) 74, (ns) € (10° cm ™M~ @y

Cy3B 558 572 2.8 1.3 0.67
ATTO647N 644 669 3.5 1.5 0.65
Alexa647 650 668 1.0 2.7 0.33

Table 2.2: List of fluorophores and their photophysical properties used in this work; cyanine dye
Cy3B (31), the oxazine dye ATTO647N (32, [16) and the cyanine dye Alexa647 (33,34). Spectroscopic
characteristics: A.;. — absorption maximum, Ay; — emission maximum, 75, — fluorescence lifetime, €
— extinction coefficient, ® y — quantum yield

One very elegant way of in vivo labelling commonly applied to proteins is to use
genetically encoded fluorescent protein fusions. The DNA sequence of genetically
encoded fluorescent proteins (FP) such as the green fluorescent protein (GFP) and
its derivatives is placed next to the sequence coding for the protein of interest. During
protein synthesis the protein of interest will be prepared as a GFP fusion protein (35).
GFP was extracted from the bioluminescent jellyfish and consists of 238 amino acids
forming a /5-barrel cylindrical structure protecting the fluorophore in the middle. Fig.[2.3]
shows the structure of GFP and two organic dyes used in this study. Next to the GFP
wildtype a large variety of related proteins exist in the blue-cyan, yellowish and even
red absorption spectrum (36).

However, fluorescent proteins are generally ten times less photostable and bright
compared to organic dyes and exhibit complicated photophysics (blinking behaviour,
etc.) (37, 138). FPs are mainly introduced at the protein termini and are large in
size (note the different scalebars in fig. which might influence expression and
function of the protein of interest. Moreover, the strong autofluorescence of the cells

especially in the blue and green spectral range challenge in vivo FP observation.
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Figure 2.3: Schematic of the structure of the green fluorescence protein (GFP, pdb-file: 1GFL) and
the organic dyes Cy3B (31) and ATTO647N (39, 40). Scale bar: 0.5 nm

The major problem of labelling the biomolecule with organic fluorophores inside the
cell is to achieve site-specifically labelling which is especially required for single-
molecule investigations and FRET assays. Several different protein fusion and tag-
systems have been reported for in vivo labelling of proteins up to now (41} 142). How-
ever, these methods are highly specific and most of the tag-structures are large in
size (SNAP-tags: > 200 amino acids) and thus might introduce pertubations in pro-
tein expression and functionality. Furthermore, these labelling techniques need spe-
cific control mechanisms to ensure site-specific labelling of the protein.

To detecting specific sequences in vivo immunolabelling, for instance primary anti-
bodies labelled with a fluorophore, are used. But even there, a high binding affinity of
the antibody to the target is needed and distinguishing bound from unbound species
is still not trivial. Hence, fluorescent probes highly specifically recognising their target
and increasing fluorescence only upon molecular binding such as quenched DNA

hairpin probes, molecular beacons or smart probes have been developed. A lot of



Chapter 2. Concepts of in vivo single-molecule fluorescence 13

current research is done in this field to improve in vivo protein labelling.

2.3 Internalisation methods

In order to carry out fluorescence observation of a biomolecule of interest in live
cells two ways can be pursued. First, the biomolecule could be labelled inside the
cell. We already pointed out that here site-specifically labelling is difficult to achieve.
Second, the already labelled biomolecules can be internalised into the cell for in
vivo measurements. Standard in vitro labelling protocols can be easily applied but
efficient and high throughput internalisation methods of the labelled biomolecules into
the cells are needed.

Several internalisation methods of biomolecules into cells based on cell membrane
permeabilisation have been studied. Endocytosis, detergent-mediated internalisa-
tion (43| 144), sonification (45) and microinjection (46}, 147, 148, [12). However, these
methods were mainly applied to large mammalian cells (size in the order of tens of
micrometer) and are not applicable to bacterial cells (1-3 um in size); for instance
the needle used for microinjection needle has a diameter of about 5 um. Moreover,
microinjection can only be applied to one cell at a time and thus high throughput
measurements are not possible.

In this work, electroporation (49) is used to introduce organic labelled biomolecules
in bacterial cells. In the 1980s electroporation was developed in molecular biology,
to transform or transfect prokaryotic and eukaryotic cells with plasmids or short DNA
fragments (50, 51). During electroporation the cell membrane is permeabilised by
exposing the low ionic cell suspension to the discharge of a high voltage electric
field. The cell membrane gets rearranged by the high voltage electric field forming

aqueous pores (reversible process). Biomolecules can enter the cell through this
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transient pores. Thus, the conductance of the cell suspension increases leading to
the exponential decay of the electric field (52).

Electroporation is performed by the discharge of a capacitor in a resistor-capacitor
(RC) circuit over the low ionic cell suspension, fig.[2.4] Before electroporation, ‘switch
1’ is closed and the capacitor is charged. Then, ‘switch 1’ is opened and ‘switch 2’ is
closed leading to the discharge of the high voltage electric field (V5 ~ 20 kV /cm with
time constanf 7 ~ 5 ms, inset fig. over the cell suspension in the electroporation
cuvette. After electroporation, the cell suspension is recovered in a rich medium to
reseal the membrane pores and prevent cell membrane lysis. The amplitude of the
applied electric field V;, and the time constant 7 are important parameters that can

be varied to optimise the internalisation process (53).

2.4 Escherichia coli

The bacteria Escherichia coli is a prokaryotic organism; i.e. it has no compartment
like the cell nucleus to house its DNA. The genetic material is stored in the nucleoid,
circular double-stranded DNA in the cytoplasm. The structural organisation of the
gram-negative bacterium is shown in fig.[2.5] the cell interior exhibits no further struc-
ture.

E.coli are rod-shaped cells in the order of 1 to 3 um and can be found in gut of hu-
mans or vertebrates. The bacteria Escherichia coliis a well-studied model organism.
It is a laboratory favourite system, since the cells are easily to grow in nutrient broth.
E.coli reproduce quite rapidly (20 min per generation in rich medium) and the cells
show a high variety in their biochemical capabilities and adapt rapidly to chemical

conditions (55). The basic genetic mechanisms (DNA replication, transcription and

2The time constant 7 is dependent on the resistance of the circuit R and the capacitance of the
capacitor C', 7 = RC.
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Figure 2.4: Schematic of electroporation process. The resistor-capacitor (RC) circuit presents the
basic principle of an electroporator. First, the capacitor is charged (‘switch 1’ closed). A cuvette con-
taining the low ionic strength cell suspension of labelled molecules and electrocompetent bacteria
between two metal plates is placed into the right circuit (‘switch 2’ is still opened). For electroporation
‘switch 1’ is opened and ‘switch 2’ is closed. The capacitor is discharged across the cell suspension.
The voltage decays exponentially with = = RC = 5 ms from the initial voltage of 1, = 1.8kV. Elec-
troporation is described to form transient pores within the cell membrane through which the labelled
biomolecules can enter the cell.

translation) have turned out to be highly conserved throughout evolution. Thus, fun-
damental mechanism in life such as protein synthesis were learned from studies in
E.coli.

To get an impression of the importance of this model system, the whole genome
of the standard E.coli K-12 strain consisting of approximately 4.6 million nucleotide
pairs was one of the first sequenced genomes in 1997 (56). The base pair sequence
encodes for about 4300 different proteins.

In the single-molecule field processes were studied in live E.coli. For instance, flag-
ella’s function in motion and as a sensory organelle was extensively studied and the

stepping behaviour of the flagella motor was revealed (57,,/58). Furthermore, the spa-
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Figure 2.5: Schematic of E.coli representing the different components. The cell wall/‘protective cap-
sule’ consists of the outer membrane, the periplasmic space and the pepticoglycan (54).

tial organisation of the replicating bacterial chromosome (59), gene expression (11)
and individual transcription factor dynamics (5, 16, 160) were monitored in live bacteria.
In this work, | present a method to internalise biomolecules labelled with organic flu-
orophores into bacteria and thus | hope to provide another avenue to study biological

processes in live E.coli.



Chapter 3

Internalisation of biomolecules

Electroporation is presented as an efficient internalisation method of biomolecules
labelled with organic fluorophores (DNA and protein) into live E.coli. The cell fluores-
cence signal and the cell viability after electroporation were studied. Furthermore,
the internalisation of biomolecules into the cellular cytoplasm and their functionality

were shown.

3.1 Internalisation of dsDNA standards

To internalise the dsDNA standards labelled with organic fluorophores into cells, elec-
troporation was performed. Electroporation is commonly used on prokaryotic and
eukaryotic cells for transfection with plasmids or short DNA fragments (51).

First, the 45 bp dsDNA standards were labelled with selected NHS-tagged organic
fluorophores such as Cy3B, ATTO647N or Alexa647 and stored in a low-salt anneal-
ing buffer. For the DNA sequences and the labelling protocol see sec.

In this case, 10 pmol of dsDNA standards labelled with Cy3B or ATTO647N were
added to 20 pL of electrocompetent cells (ElectroMAX™ DH5«-E™ Competent Cells,

Invitrogen/ Life technologies, Carlsbad, California, USA) and incubated for 10 min on

17
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ice. The suspension of cells and labelled biomolecules was then transfered into a pre-
chilled electroporation cuvette (0.1 cm gap, Bio-Rad, Hercules, California, USA) and
placed into an electroporator (Micropulser, Bio-Rad). The cell suspension was ex-
posed to the discharge of a high-voltage electric field (initial electric field of 18 kV /cm,
time constant of 5ms, sec. forming transcient pores in the cell membrane
through which the dsDNA standards could enter the cell (53). Immediately after elec-
troporation, 500 uL of a rich medium (super optimal broth with catabolite repression,
SOC) was added to the cell suspension and the cells were let to recover by shak-
ing for 20 min at 37 °C. After recovery, the cells were harvested by centrifugation at
3300 g for 1 min at 4°C and washed 5 times with 500 uL phosphate buffered saline
(PBS). Cells were finally resuspended in 100-200 uL PBS and stored on ice before
pipetted onto a 1% agarose-M9 pad, fig. [3.1] A.

- - ,EP\ ///3/' wash = Cs
S —> /\/ . OBJ= —
=/
N O —

Figure 3.1: Internalisation of organic fluorophore labelled biomolecules into bacteria using electro-
poration and monitored by fluorescence microscopy. A. Schematic illustrating internalisation method.
Fluorescent biomolecules were incubated with electrocompetent cells prior to electroporation (EP).
Cells were then recovered, washed and placed on agarose pads for observation. B. Observation
of loaded cells using objective-based near-TIRF or wide-field illumination. (OBJ — objective; CS —
coverslip).

The cells were imaged on the agarose pad using an inverted microscope in wide-field
mode or in objective-based near-total internal reflection fluorescence (near-TIRF)
mode, fig. B. In near-TIRF mode the sample is illuminated by a highly inclined
laser beam (61). Near-TIRF illumination provides a high illumination intensity and a
high signal-to-noise ratio whilst illuminating more than half of the cell. Up to ~ 40 cells

could be imaged per field of view at a time.
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Bacterial cells electroporated with 10 pmol dsDNA Cy3B or dsDNA ATTO647N were
imaged in wide-field mode, fig.[3.2] The majority of cells (> 70%, quantification as de-
scribed in sec. appeared significantly more fluorescent than non-electroporated
cells (negative control). The dark negative control proved that fluorescently labelled
DNA molecules do not stick to the outside of the membrane. The imaged cells
showed a wide distribution in fluorescent brightness correlating to the number of
internalised biomolecules. A qualitative analysis of the fluorescent images showed
bright cells that were heavily loaded (yellow box), dimmer cells only containing a few
molecules (white box) and cells that were not loaded at all (cyan box). This clearly
showed that dsDNA standards of ~ 15 nm in size can be efficiently internalised into
E.coli using electroporation.

dsDNA Cy3B dsDNA ATTO647N

Figure 3.2: Proof of concept: internalisation of dsDNA into E.coli bacteria using electroporation.
Overlay of inverted white-light and fluorescence images of cells loaded with 10 pmol dsDNA labelled
with a green (Cy3B, left) or red (ATTO647N, right) fluorophore. + EP (top) indicates electroporated
cells showing fluorescence inside cell boundary. A large variation in brightness can be observed:
bright cells (yellow box), dimmer cells (white box) and dark cells (cyan box). — EP (bottom) indicates
non-electroporated cells showing negligible fluorescence. Scale bar: 3 um
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Furthermore, | added different amounts of labelled dsDNA before electroporation and
included dsDNA labelled with Alexa647 in the internalisation study. Cells electropo-
rated with different amounts of dsDNA and fluorophores with different structure and
emission wavelength showed again a good uptake and a wide spread in cell intensi-
ties, fig. From the representative field of views of the different samples (10 pmol
and 100 pmol dsDNA Cy3B and ATTO647N, 5 pmol dsDNA Alexa647) | could already
observe that the more DNA was added before electroporation the brighter the cells
were. A quantitative analysis of actual numbers of internalised biomolecules per cell

is presented in chapter [4]

Fluorescence
+EP

Overlay White light Fluorescence Overlay

White light
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dsDNA
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dsDNA G
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Figure 3.3: Internalisation of different amounts of dsDNA added before electroporation and labelled
with different organic fluorophores into E.coli. White-light image, fluorescence image and overlay
of inverted white-light and fluorescence image of cells loaded with dsDNA labelled with Cy3B (A),
ATTO647N (B) and Alexa647 (C). + EP (left) indicates electroporated cells showing a wide distribution
in brightness. — EP (right) indicates non-electroporated cells, the negative control. Scale bar: 3 um
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Electroporation was established as an efficient, high throughput internalisation method
for a variety of dsDNA fragments labelled with different organic fluorophores. The
cells showed a large variety in brightness suggesting a wide distribution in numbers

of internalised fluorescent DNA molecules.

3.2 Viability check of cells

The growth and division of cells was used as an indicator for their viability after elec-
troporation and fluorescent DNA uptake. Therefore, the cells were imaged over many
generations on a 1% agarose-EZ rich defined medium pad in wide-field fluorescence
imaging mode. The cells loaded with 100 pmol of dsDNA ATTO647N were monitored
for more than 5 hours every 30 min for the first three hours. About each 90 min EZ
rich defined medium was added to the channel system within the agarose pad to
keep it wet. The sample preparation is described in sec.

Cell division was analysed for 362 cells. A representative selection of cells within the
first hour is shown in fig. About 50% of the cells were dividing with a division time
of > 30 min (green circles). The cells in the blue circle retain their shape, representing
about 45% of the cells. Only less than 5% of the cells were compromised (red circle).
Importantly, the division of the cells was independent from their loading (cells in green
circles). Furthermore, the fluorescence signal distributed evenly between daughter
cells and thus was preserved upon division (data not shown).

The maijority of cells is not affected by electroporation and the uptake of dsDNA la-
belled with organic fluorophores. For more than ~ 90% of the cells the cell physiology

is not disturbed.
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Figure 3.4: Cell viability after electroporation. White-light image (left), fluorescence image (middle)
and overlay (right) of cells electroporated with 100 pmol dsDNA ATTO647N at 0 and 60 min after
recovery. About 50% of the cells divide within 60 min (example: green circles), ~ 45% do not show
division (example: blue circle), and < 5% are compromised (example: red circle). Cell viability is
independent of cell loading. Scale bar: 3 pm

3.3 Internalisation of T7RNA polymerase and expres-

sion of Emerald GFP

To prove that the electroporated biomolecules were inside the cellular cytoplasm and
functional, homemade DH5« electrocompetent cells were prepared. The bacterial
cells were transfected with the pRSET-EmGFP (Invitrogen/ Life technologies, Carls-
bad, California, USA) plasmid. This plasmid contains several important elements —
a lacl gene which codes for the /ac repressor protein, a lac operator which can block
transcription, a T7 promotor which is specific to only T7RNA polymerase (not bac-
terial RNA polymerase) and an ampicillin resistance gene. Thus, only in presence
of electroporated non-labelled T7RNA polymerase (T7RNAP, New England BioLabs

Inc, Ipswich, Massachusetts, USA) in the bacterial cytoplasm, the Emerald Green
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Fluorescent Protein (EmGFP) should be expressed inside the bacteria, yielding to a
higher fluorescence signal compared to non-electroporated and empty cells contain-
ing only the plasmid. This would prove the activity of the electroporated protein and
would give an estimate of the size of proteins that could be internalised.
Electroporation of 2 uL of T7RNAP (stock concentration of 1 uM) was performed with
a modified protocol. The cells were recovered in 500 uL of SOC containing Iso-
propyl (3-D-1-thiogalactopyranoside (IPTG, 2mM final concentration) for about 1h
at 37 °C and imaged on a 1% agarose pad with EZ rich defined medium (Teknova,
Hollister, California, USA). The cells were illuminated with blue laser light (P(A =
475nm) = 0.5 mW) with an exposure time of 100 ms in wide-field mode.

About 700 cells per sample were analysed using an automated segmentation routine,
sec. The cell intensity normalised by the cell area was plotted in a histogram
for each cell, fig. The intensity distribution of empty cells containing the plas-
mid looked similar to the negative control. For the negative control, T7RNAP was
added to the cell suspension and incubated in SOC containing IPTG for 1 h with-
out electroporation. The electroporated cells showed a higher amount of bright cells
(about 14 %) and less dim cells compared to the empty cells and the negative control
(histogram bar highlighted with “x”) giving good evidence of the expression of the
fluorescent protein EmGFP.

We noticed that the homemade electrocompetent bacteria DH5« transfected with the
plasmid encoding the EmMGFP showed already relative high autofluorescence in the
blue channel compared to the electrocompetent bacteria DH5« purchased from In-
vitrogen not containing the plasmid. This could be caused by the leak-expression of
EmGFP through other RNA polymerases inside E.coli. Furthermore, the T7TRNAP
protein has a size of about 99 kDa which decreases the internalisation efficiency. In-

ternalisation of proteins of this size like DNA polymerase | (103 kDa) showed already
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Figure 3.5: Internalisation of unlabelled T7RNA polymerase (T7RNAP, 99 kDa) into electrocompetent
DH5a E.coli previously transformed with pRSET-EmGFP plasmid encoding Emerald GFP (EmGFP)
under control of the /ac operon T7 promoter. A. Schematic of the protein activity assay showing the
internalisation of unlabelled T7RNAP and expression of EmGFP. B (left). Overlay of inverted white-
light and fluorescence image of a representative field of view of non-electroporated cells (-EP) and
electroporated cells (+EP). B (right). Histogram of cell-based fluorescence intensities for 700 cells per
sample; cells incubated with T7RNAP without electroporation (-EP) and cells incubated with T7RNAP
with electroporation (+EP). About 14% of the electroporated cells show higher fluorescence intensity
than the negative control. Higher fluorescence indicates expression of EmGFP and therefore active
internalised T7RNAP. Scale bar: 3 pm
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a very low internalisation efficiency compared to proteins of about 60 kDa (data not
shown, Crawford et al. in preparation (62)). Furthermore, the detection of a small
number of FPs is challenging because of the high cellular autofluorescence back-
ground, so that we detected only cells in which several EmMGFP molecules have been
expressed. This explains, why the effect of T7/RNAP internalisation and EmMGFP ex-
pression ranges in the order of ~ 15%.

The experiment gives good confidence that the internalised biomolecules are func-
tional after electroporation and inside the bacterial cytoplasm. Moreover, it shows
that biomolecules of up to 100 kDa can be internalised into living bacteria using elec-

troporation.
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Contributions

| performed and analysed all dsDNA internalisation experiments. Louise Aigrain and
| carried out the cell viability experiment and Louise Aigrain analysed the cell divi-
sion. The internalisation of T7RNAP was performed by Louise Aigrain and | provided

a Matlab GUI for automated cell segmentation and fast cell-based fluorescence anal-

ysis, sec.



Chapter 4

Counting numbers of internalised

biomolecules

The number of internalised biomolecules is an important characteristic of the electro-
poration method. It allows the evaluation of the amount of biomolecules to add before
electroporation when studying internalised biomolecules at the single-molecule level
(tracking and diffusion analysis) or on the cell-based level. Furthermore, knowing
the order of magnitude of loaded biomolecules inside a cell is useful when studying
for instance the impact of internalised transcription factors on gene regulation or the

influence of loaded DNA polymerase | on DNA repair.

4.1 Photobleaching studies

To count the number of internalised biomolecules, single cell-based photobleach-
ing studies were performed. Cells loaded with dsDNA ATTO647N were exposed
to high laser power in wide-field mode (P(A = 638nm) = 3mW, exposure time
100 ms) until the fluorescence signal vanished. The fluorescence signal of an entire

cell containing about 1 to 10 molecules decreases in quantised steps under con-

26
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tinuous laser excitation. Each single step corresponds to a photobleaching event.
Fig. shows three typical time traces of the fluorescence decay (blue curve) and a
fitted step function (red curve). The cells were segmented manually using a custom-
written MATLAB script or automatically (with manual adjustment) by adapting the
MATLAB implementation ‘Schnitzcells’ by the Elowitz lab (63) for white-light cell im-
ages, sec.[A.4.9] Using a custom-written Matlab script, the overall cell intensity per
cell area was calculated for each movie frame and subtracted by the cell background
per cell area (obtained after the loaded fluorescent biomolecules and the cellular aut-
ofluorescence were completely bleached). Baseline-subtracted photobleaching time
traces showing less than 10 quantised steps were fitted using Hidden Markov Mod-
elling (HMM), sec. The three fitted cell-based photobleaching time traces shown
in fig. represent the variety of observed cells. Cells only loaded with one active
fluorophore at acquisition start showed a single photobleaching event, fig. [4.1] - top,
whereas bleaching and blinking behaviour of the dye ATTO647N was observed in
fig. — middle. The bottom time trace, fig. — bottom, shows approximately 8
steps corresponding to 8 molecules inside the bacteria.

Furthermore, the photobleaching analysis was used to evaluate the signal sensitiv-
ity of organic fluorophores inside bacteria and to estimate the intensity of a single
fluorophore (single-molecule unitary intensity) by calculating the mean step height
intensity. Previously, photobleaching studies were carried out to count individual
molecules such as stators in bacterial flagellar motors (64) or to measure the sto-
ichiometry of membrane protein complexes in live bacterial cells (65). The photo-
bleaching time traces were filtered for instance using the edge-preserving non-linear
Chung-Kennedy filter (66), the pairwise difference distribution function (PDDF) was
calculated and the peak of the power spectrum of the PDDF was detected which

corresponds to the single-molecule unitary intensity.
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Figure 4.1: Cell-based photobleaching step analysis. Three examples of fluorescence decay time
traces (blue: raw data; red: hidden markov model (HMM) fit). Top: Single step bleach event. Middle:
Step analysis of cell containing ~ 3 molecules showing bleaching and blinking behaviour of the dye
ATTOG647N. Bottom: Step analysis showing approximately 8 steps corresponding to 8 internalised
single molecules. Inset: White-light image (WL) and fluorescence image (FL) of the cell at the start of
acquisition and after photobleaching. Scale bars: 1 um

4.2 HMM step height analysis

In this study, we analysed photobleaching time series using Hidden Markov Modelling

(HMM). Previously, Messina and co-workers used HMM to analyse multichromophore
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photobleaching time series (67). We, thus, sought to apply HMM analysis for in vivo
near-TIRF time series.

An HMM is a stochastic model that maps measured values to unobserved (or hid-
den) states. A basic premise of HMMs is the Markov assumption, which states that
state transitions occur stochastically and are completely determined by the transition
probabilities. Photobleaching HMM analysis models each times series as an ordered
state-sequence (cell intensity levels varying in time); we associate each state transi-

tion with photobleaching. We describe an HMM using the following parameters:

(1) m, an initial probability distribution, which describes the probability the system

begins in each state.

(2) A, atransition probability matrix, which describes the probability a;; of transi-

tions from state : to state ;.

(3) B, an observation probability distribution, which describes how likely an obser-

vation arises from each state.

Baum and colleagues developed an efficient algorithm to systematically obtain Markov
chain parameter estimates; this is commonly referred to as Baum-Welch algorithm (68,
69). In our analysis, we are particularly interested in the state-sequence reconstruc-

tion, which allows us to identify intensity change points. We therefore used the Viterbi

algorithm to determine the most likely state sequence (70, [71).

To begin our analysis, | manually selected time series such that single steps could

be observed by eye (50% of the time traces). Here, time traces showing a slight

continuous decrease at the last intensity level (stage drift) and very loaded cells (>

10 labelled molecules) were neglected.

Due to the nature of the data (about 10 photobleaching steps), performing straight-

forward HMM analysis was not possible, O(T'N?), as computation-time is quadratic



Chapter 4. Counting numbers of internalised biomolecules 30
with number of states NV and linear with length of time series T'. We thus developed
a modified algorithm to recursively model an HMM, with each iteration removing all
data belonging to the last photobleaching step. Each iteration allowed up to 10 states
to be fit. Such a method took advantages of exponential photobleaching kinetics: the
last photobleaching step was likely to last significantly longer than previous steps,
and thus fitting the last step was likely to have the greatest data support. By only
keeping the state values for the last step and then re-analysing the remaining data,
we could iteratively improve our estimates for shorter steps. | manually confined al-
gorithm accuracy and retained 71 out of 80 time series for further analysis. | provide
a more detailed discussion of the HMM algorithm in sec.
| estimated the unitary intensity for a single ATTO647N dye from the step height
distribution (i.e., absolute changesﬂ in intensities at each state transition) for the 71
time series. | present the step height distribution (total number: 324) in fig.
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Figure 4.2: Step height distribution obtained from HMM analysis. A single gaussian fit (blue) of main
data peak gives a single step height of 11+4 a.u.; my analysis consequently uses this step height as
the single-molecule unitary intensity.

'l also observed fluorophore blinking etc.
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The distribution shows a main peak at ~ 10a.u. and smaller peaks near 20 and
30a.u. HMM analysis failed to often accurately resolve multiple photobleaching steps
corresponding to the bleaching of 2 or more fluorophore molecules at the same time
(or very closely). Such steps frequently occurred at the begin of the time series
where exponential kinetics resulted in early steps lacking sufficient data support. As
a result, noise had a greater impact on HMM analysis, resulting in greater variation in
multi-photobleaching step heights. | fitted the step height distribution with all param-
eters without constraints. | interpreted the fitted mean as the single-molecule unitary

intensity (11 4 4 a.u. corresponding to 800 -+ 300 photon counts per 100 ms).

4.3 Internalisation histograms

The single-molecule unitary intensity estimated to 11 a.u. was then used to calibrate
initial cell intensities recorded under the same illumination conditions into actual num-
bers of internalised dsDNA ATTO647N molecules per cell. Cells were electroporated
with 10 pmol and 100 pmol dsDNA ATTO647N and imaged in wide-field mode (contin-
uous illumination, P(A = 638 nm) = 3mW, exposure time 100 ms). The normalised
and baseline-subtracted initial (first frame after exposure) cell intensities were divided
by the unitary intensity giving the number of internalised molecules. The number of
internalised molecules per cell for 300 cells per sample were plotted in a histogram,
fig. Adding 10 pmol of DNA before electroporation, more than 80% of the cells
were loaded?| with fluorescent molecules whereas the cells of the non-electroporated
negative control were in good agreement with empty cells. The first bin in the internal-
isation histogram accounts for cellular autofluorescence and can be seen as an off-

set. The histogram of internalised molecules per cell for the 10 pmol sample showed

2Cells are ‘loaded’, when they exhibit more fluorescence than two standard deviations above the
autofluorescence of empty cells.
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a wide distribution (mean: 121, std: 106, median: 87, range: 10-500 molecules).
Increasing the amount of DNA to 100 pmol, the number of loaded molecules per
cell increased as well as the wide distribution of internalised dsDNA (mean: 175, std:
187, median: 91, range: 10-700 molecules). | noticed that the empty cells (no dsDNA
added and no electroporation) and the negative controls (no electroporation) showed
little fluorescence signal corresponding to the cellular autofluorescence. Compar-
ing the 10 pmol and 100 pmol histogram, | observed that significantly more cells of
the 10 pmol sample were loaded with 50-150 DNA molecules and more cells of the
100 pmol sample were loaded with 400 and more molecules. Only about 70% of the
cells were loaded in the 100 pmol sample. The negative control of the 100 pmol sam-
ple still compares very well with empty cells. The higher amount of non-loaded cells
for the 100 pmol sample compared to the 10 pmol sample is likely to be caused by
less efficient electroporation (data was acquired on a single day).

Varying the amount of fluorophores before electroporation and selecting cells depen-
dent on their cell intensity gives a good control over the copy numbers of internalised
molecules and thus the concentration of internalised biomolecules inside the cell can
be estimated (rule of thumb: 1 molecule in E.coli ~ 1 nM). This becomes important
when studying reaction kinetics or even when establishing single-molecule tracking

in live bacteria.

Contributions

| performed all the work in section[4.1] and | carried out and analysed all photo-
bleaching measurements (analysis software was written in MATLAB) in section [4.2]
Kristofer Gryte performed the HMM analysis and | calculated the transition step

heights and obtained the single-molecule unitary intensity.
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Figure 4.3: Histogram of internalised molecules per cell electroporated with different amounts of
dsDNA ATTO647N. Molecule numbers were calculated from the initial fluorescence intensity divided
by the single-molecule unitary intensity for 300 cells per sample. From top to bottom: electroporated
empty cells, non-electroporated and electroporated cells incubated with 10 pmol and 100 pmol dsDNA.
Empty and non-electroporated cells correspond to autofluorescence only. Electroporated cells show a
broad distribution of internalised molecules, with a higher proportion of highly loaded cells at 100 pmol.
The mean number for 10 pmol is 121+106 molecules. Right: Overlay of white-light and fluorescence
channel for two example field of views. Scale bar: 3 um
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In vivo single-molecule fluorescence

studies

The quantification of internalised molecules allowed me to find settings to work at the
single-molecule level in bacteria. Due to the use of the high brightness and photosta-
bility of organic fluorescent DNA fragments single-molecule tracking was performed.
Single-molecule tracking for about 10s and long-lived single-molecule fluorescence
observation for about 10 min open new avenues to study diffusion paths or binding

and unbinding events in live bacteria.

5.1 Tracking of dsDNA standards

First, | wanted to follow the movement of internalised biomolecules inside the bacte-
rial cytoplasm at the single-molecule level. Using organic fluorophore labelled dsDNA
standards, | was interested in the time regime where single-molecule diffusion stud-

ies can be carried out in live cells.

34
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5.1.1 Long-lived single-molecule tracks

| electroporated E.colicells in presence of 5 pmol dsDNA Cy3B and dsDNA Alexa647
and 2 pmol dsDNA ATTO647N. To track single-molecules for a long time, the cells
were exposed to high laser powers (dsDNA Cy3B: P(A = 532nm) = 15mW, ds-
DNA Alexa647: P(A = 638nm) = 15mW, dsDNA ATTO647N: P(A = 638nm) =
23 mW) with a temporal resolution of 15 ms. The experiment was performed in wide-
field mode under continuous illumination to be able to capture the movement of the
single-molecule within the bacterial cytoplasm.

To work at the single-molecule level, a smaller amount of labelled DNA molecules
were electroporated compared to the cell-based internalisation efficiency studies.
Moreover, the cell samples were pre-bleached with the excitation laser light before
acquisition was started until the density of fluorescent molecules allowed single-
molecule tracking (rule of thumb: 2-5 molecules per cell depending on the cell size).
All the tracking analysis was performed using a custom-written Matlab script de-
scribed in sec.[A.4.3/and (72). Briefly, the point spread functions (PSFs) of all single
molecules were localised in each frame. To get the molecules’ positions, the PSFs
were fitted with an elliptical 2D Gaussian. Since such localisation algorithms per-
form best for fluorophore densities less than 1 fluorophore /um? /frame (8), only cells
loaded with about 3 (ideally less than 3) fluorescent dyes were analysed. For track-
ing of individual molecules, the fitted PSFs were linked when they appeared in two
consecutive frames within a tracking window of 7 pixels (~ 0.67 um). A memory
parameter of 1 frame was used to account for missing the PSF in one frame.

In fig. 5.1 examples of single-molecule tracks lasting for more than 6s in the case
of dsDNA Cy3B, A and dsDNA ATTO647N B are shown. Furthermore, |
show a ~ 3s single-molecule track for dsSDNA Alexa647 C. The number of pho-

tons per exposure time (integral of Gaussian fitted PSF over background divided by
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the gain factor of 4.55 counts/photon) was plotted for each movie frame where the
single-molecule was tracked. Each single-molecule track was visualised within the
cell outline. | note that the same time dependent colour code for all three tracks was
used to highlight the diffusion paths of the single molecules in the cellular cytoplasm
over time.

Although the initial amount of labelled DNA prior to electroporation was decreased
and the cells were pre-bleached before acquisition, < 20% of the cells showed a
sufficient low density of fluorescent molecules for particle tracking (ideally only one
fluorescent molecule per cell) at the time of acquisition. This can be explained
by the wide distribution of internalised DNA molecules per cell; already discussed
in sec. [4.3] Furthermore, single-molecule localisations between three consecutive
frames were sometimes missing, cutting the tracks into shorter parts. When increas-
ing the memory parameter to 3 frames within the tracking algorithm, the presented
single-molecule tracks could be extended to 8.8 s for dssDNA Cy3B and to 8.4 s for ds-
DNA ATTO647N. Since the Alexa647 dye is more subject to blinking (29, 30) single-
molecule tracking could not be extended.

It is important to point out that through the pre-bleaching of the samples, | was already
bleaching large amounts of loaded single molecules. This enabled us to work at the
single-molecule level but also drastically reduced the actual time of single-molecule
tracking down to about 10 s and thus decreasing the chance to observe even longer
lasting single-molecule tracks in vivo. Thus, we believe that single-molecule tracking
can be extended to up to several tens of seconds. This can be achieved by better
controlling the copy number of fluorescent biomolecules inside the cell down to one

activated molecule at a time and tracking the molecule until its photobleached.
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Figure 5.1: Single-molecule time traces and trajectories of diffusing dsDNA labelled with three differ-
ent fluorophores (A. Cy3B, B. ATTO647N and C. Alexa647). Time traces of photon counts per 15 ms
exposure (blue) show fluctuations mainly caused by molecular diffusion. Time-coloured trajectories
show single molecules tracked for several seconds exploring the cell volume (grey boundary) were
plotted within the cell boundary. Scale bar: 1 um
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5.1.2 Diffusion studies

Second, | was interested in the quantification of the movement of single molecules
inside the cell. At this stage, distinguishing localised from diffusing single-molecule
species and getting an idea how the dsDNA diffusion is dependent on the dye prop-
erty were the main aims.

For diffusion analysis, | loaded E.coli cells with 10 pmol of dsDNA Cy3B, 10 pmol
of dsDNA ATTO647N and 2.5 pmol of dsDNA Alexa647. The cells were imaged on
the agarose pad under continuous illumination (Cy3B: P(A = 532nm) = 2mW,
ATTOB647N and Alexa647: P(A = 638 nm) = 1 mW) with an exposure time of 10 ms
in near-TIRF mode. This illumination mode was used to gain a better signal-to-noise
ratio. The uneven illumination of the cells resulting in the shortening of tracks when
molecules move out of the cell’s illuminated part were not a problem since only tracks
longer than 3 steps were used for diffusion analysis such that no noise was picked
up. For tracking analysis, the memory parameter was set to ‘zero’-frames as well to
avoid miss-linking of molecules moving in and out of the illumination plane.

From single-molecule tracking the mean-squared displacement (MSD) of a single
track, the average of the MSDs of each step MSD, was calculated. From the MSD an
apparent diffusion coefficient was calculated, assuming 2D Brownian motion Dgp, =

MSD

1~y With frame time A¢. The apparent diffusion coefficient of many tracks were

plotted in an apparent diffusion coefficient histogram where localised molecules were
represented by an apparent diffusion coefficient of about zero. The principle of the
diffusion analysis is described in more detail in sec.[A.4.3].

For each sample, dsDNA labelled with Cy3B, ATTO647N and Alexa647 in 11, 13 and
30 fields of view were analysed, respectively. The cells showing a low density of
internalised molecules for single-particle tracking were manually selected, i.e. cells

(about 5 cells per FOV) were individually cropped and the first frame for tracking
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analysis was chosen. The tracks for all analysed cells were collected and for each
track an apparent diffusion coefficient was calculated from the MSD.

Fig.[5.2/shows the apparent diffusion coefficient histograms for all three samples. For
the dsDNA Cy3B, dsDNA ATTO647N and dsDNA Alexa647 sample a total number
of 2117 tracks (from ~ 30 cells), 4257 tracks (from ~ 40 cells) and 1214 tracks (from

~ 60 cells) were observed respectively.
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Figure 5.2: Apparent diffusion coefficient histogram for green (A. Cy3B) and red (B. ATTO647N and
C. Alexa647) labelled dsDNA molecules. The apparent diffusion coefficient was calculated from the

mean squared displacement of each track (Dapp = %52, At: frame time). For dsDNA Cy3B, dsDNA

ATTO647N and dsDNA Alexa647 a total number of 2117 tracks (from ~ 30 cells), 4257 tracks (from
~ 40 cells) and 1214 tracks (from ~ 60 cells) were analysed respectively. Cy3B labelled dsDNA
exhibits faster diffusion than ATTO647N and Alexa647.

The apparent diffusion coefficient histogram for dsDNA Cy3B, fig. A, showed a
major peak at about Dyp, = 0.9 um?/s. From diffusion studies of E.coli DNA Poly-
merase | (DNA Poll, 103 kDa, (73, 74)) using photoactivatable PAmCherry as a label
analysed with the same software, a similar apparent diffusion coefficient of about
Dapp = 1um?/s for Pol | was measured which matches a simulated 2D Brownian
motion with diffusion coefficient of Dpy = 1.75um?/s (data not shown, Uphoff et
al. (72)). This would imply that we may be looking at diffusion of dsDNA bound
to larger proteins comparable in size to Pol | which is likely since | was using non-
protected/stabilised dsDNA fragments. The DNA end can provide a binding site for

nucleases and repair enzymes evolved to recognise foreign or damaged DNA.
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The dsDNA ATTO647N sample showed a larger population of localised molecules
with a low apparent diffusion coefficient, Dy, < 0.4 um?/s, such that it is hard to dis-
tinguish between the diffusing and localised species, fig. B. The dye ATTO647N
is known for its hydrophobicity and is therefore more likely to stick to membrane
structures (39). This has to be kept in mind when using ATTO647N as a label. Nev-
ertheless, the single-molecule track in fig.[5.1|shows that diffusing dSDNA ATTO647N
molecules could be observed. Furthermore, comparing the apparent diffusion coef-
ficient histogram, fig. A and B, shows that the tracking analysis can be used to
distinguish between diffusing and localised molecule species.

The apparent diffusion coefficient histogram of dsDNA labelled with Alexa647, fig.[5.2|C,
shows a peak at about 0.5 um?/s. Here like in the case of dsDNA Cy3B, the diffusion
of the dsDNA fragment bound to DNA binding proteins might have been observed.
Since Alexa647 had a really short photobleaching lifetime (~ 1s on average) under
these illumination conditions and especially when pre-bleaching the cells, | struggled
to get good statistics for the apparent diffusion coefficient histogram. Although | anal-
ysed twice as many cells compared to the dsDNA Cy3B sample | only obtained half
as many tracks. During acquisition and manual cell selection fluorophore blinking
was observed which overestimated the number of tracks corresponding to localised
molecules, since each localised track was counted again for each blinking event. For
the diffusing molecule species blinking cannot be distinguished from diffusing out of
the illuminated cell volume. Nevertheless, the Alexa647 dye shows better diffusion
properties than the ATTO647N dye, but is not as photostable.

It is also important to point out that we are probably unable to detect and track totally
freely diffusing 45-bp dsDNA fragments in such a confined cellular volume. Mea-
surements with the 45-bp dsDNA fragment labelled with ATTO647N were carried out

in vitro in a buffer containing 50% glycerol under near-TIRF illumination and with an
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exposure time of 10ms. A similar diffusion coefficient analysis revealed a wide ap-
parent diffusion coefficient distribution centred on 7 um?/s (data not shown). | never
observed such high apparent diffusion coefficient of the internalised dsDNA stan-
dards in E.coli.

From this study, Cy3B shows good performance for a molecule label for diffusion
studies in vivo in the green spectral range. For the red spectral range the dye
Alexa647 is superior to the dye ATTO647N for pursuing diffusion studies. We note
that for the diffusion studies the purity of the labelled dsDNA sample (no free dye) and
the washing step after recovery are crucial, since free dye or labelled dsDNA sticking
to the outer membrane cannot be distinguished from localised dsDNA molecules in-
side the cellular cytoplasm. Here, the DNA purification and electroporation protocol
can still be optimised.

To conclude, diffusion paths of single molecules were observed for up to 6 s and ev-
idence was given that single-molecule tracking can be extended up to several tens
of seconds. This opens new biological relevant observation time regimes that are
at least an order of magnitude larger compared to fluorescent proteins (several hun-
dredths of a second (38)). For instance, we can observe processes on the timescale
of gene expression (~ 2s) etc. and the influence of transcription factors on gene ex-
pression can be studied in real-time. Furthermore, the apparent diffusion coefficient
analysis allows the distinction between localised and diffusing molecules and gives a

tool to distinguish binding from unbinding events.
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5.2 Observation of long-lived single-molecule fluores-
cence

Here, | am addressing the extension of single-molecule fluorescence observation
under continuous illumination in live bacteria using organic fluorophores. Therefore,
mainly the excitation laser power was reduced to prevent early bleaching and the ex-
posure time was increased allowing still single-molecule detection in the minute time
regime. This approach is sufficient for observing the transient binding of molecules
of interest to cellular structures or slow diffusing molecule species.

E.coli were electroporated with 2.5 pmol of dsDNA ATTO647N and imaged with laser
powers of P(A = 638nm) = 300 W, 600 uW and exposure times of 100 ms and
50 ms respectively in near-TIRF mode. The near-TIRF mode was chosen because of
the better signal-to-noise ratio. In addition, the back-reflection of the excitation laser
light on the glass cover slide was needed to stabilise the z-position of the microscope
stage and avoiding loss of the focus during observation. The back-reflection signal
was detected providing a feedback signal for the closed-loop positioning system that
actively controls the focus of the microscope (continuous reflective-interface feedback
focus system, CRIFF, Applied Scientific Instrumentation, Eugene, Oregon, USA). The
microscope stage stabilisation using the CRIFF system was used for these sensitive
single-molecule observations lasting up to 25 min.

While maintaining exposure times of 50-100 ms, | was able to observe individual lo-
calised dsDNA ATTOG647N for about 10 min under continuous illumination, fig A
and B. In fig. [5.3| C an individual molecule was observed for more than 25 min under
continuous illumination with an exposure time of 100 ms. The single molecules were
localised and tracked and the time traces show the photon count per exposure time of

the single molecule until photobleaching. The photon count is the integral of the fitted
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2D elliptical Gaussian to the PSF divided by the gain factor of 4.55 counts/photon.
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Figure 5.3: Long-lived single-molecule observation of dsDNA ATTO647N. Time traces of single-
molecule photon counts per exposure time (blue) and cell images insets for 3 different molecules
measured in live E.coli are shown. A. Single-molecule observation for more than 8 min with 50 ms
time resolution. B. Single-molecule observation for 8 min exhibiting blinking behaviour. C. Single-
molecule observation for about 28 min with 100 ms time resolution. Insets: White-light (WL) image of
the cell and fluorescence image at the start of acquisition and after photobleaching. The yellow circle
highlights the molecule of interest, if not distinct. Scale bars: 1 um

Different features were observed in the photon count time traces that can be related to
single-molecule behavior observed in the raw data movie. The drop in photon counts
per exposure time especially in time trace fig. [5.3] A was related to movement of the
single molecule mainly further out of the excitation field (z-movement). Changes in
photon counts per exposure time on fast time scales, like in time trace fig. B
between 2 to 4 min, were caused by fluorophore blinking. | note, that the long-lived

single-molecule time traces fig. [5.3| C lasting for more than 25 min was only observed
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once, whereas 8 min time traces were observed on an average basis.

To get an idea of the probability to observe a single molecule under these illumi-
nation conditions for 10 min or even 25 min cell-based photobleaching studies were
carried out under these illumination conditions. There, 10 pmol dsDNA ATTO647N
were loaded into E.coli and the cells were imaged in near-TIRF illumination under
continuous illumination (P(A = 638 nm) = 300 uW, 100 ms).

The analysis was carried out similarly to the cell-based photobleaching experiment
in sec. The cell intensity per cell area over time was calculated for 312 cells.
Fig. shows the average photobleaching time trace with standard deviation error
bars (blue) and two representative individual cell-based photobleaching time traces
(grey).

In the average time trace and the individual time traces two regimes in fluorescence
decay were observed. Until about 0.5 min the fluorescence decays rapidly whereas
afterwards a second larger photobleaching lifetime was observed. Up to now, we
do not really understand the two regimes. The bleaching of the cellular autofluores-
cence could be excluded, since it was measured for 350 empty cells under the same
illumination conditions resulting in a photobleaching lifetime in the order of 1s. One
explanation could be the uneven illumination of the cell through the near-TIRF illumi-
nation (exponential decaying excitation field). This would bleach fluorophores in the
part of the cell closer to the cover slide rapidly whereas the rest of the fluorophores
would be exposed to less intense laser light and thus show a longer photobleaching
life time. Understanding this phenomenon could lead to an assay to characterise the
near-TIRF illumination. This could be used as a calibration for the near-TIRF illumi-
nation which we need for the reproducibility of our measurements and is still missing
in the single-molecule field. Furthermore, photophysical properties of the ATTO647N

dye in vivo have to be understood.
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To simplify the photobleaching analysis and limit the number of fitting parameters, for
instance to prevent fitting two single exponential decays with different lifetimes, we
decided to fit a single-exponential decay to each individual photobleaching time trace
giving an estimate for the in vivo photobleaching lifetime. The fits for the average
photobleaching time trace and the two example time traces were plotted in fig/5.4]
in red. The 312 photobleaching lifetimes were plotted in a histogram, inset fig. [5.4]

resulting in a mean in vivo photobleaching lifetime of 7, o = 1.5 £ 0.6 min.
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Figure 5.4: Cell-based photobleaching studies of 10 pmol dsDNA ATTO647N (312 cells in total).
Main graph: Averaged photobleaching time trace with standard deviation error bars (blue) and two
individual cell-based photobleaching time traces (grey). Single exponential fits (red) were performed
starting from data point 500. Inset: Distribution of photobleaching lifetimes gained from individual
photobleaching time trace fits.

To relate the observed in vivo photobleaching lifetime of ATTO647N, | performed
in vitro measurements with the same dsDNA ATTO647N (B17) fragment. There-
fore, the dsDNA molecule were immobilised on the glass cover slide as described
in sec. The dsDNA fragment with labelling position B17, 28 bp from biotin
linker, was used to avoid dye interference with the glass cover slide. Five FOVs were

recorded under the same illumination conditions and each photobleaching time trace
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(ensemble intensity of whole FOV over time) was fitted with a single exponential. A
mean in vitro photobleaching lifetime of 7, yiro = (3.1 4 0.8)min was obtained. The
observed in vitro photobleaching lifetime is higher compared to the photobleaching
lifetime observed in vivo. The lower photobleaching lifetime in vivo can be explained
by the different sample preparation and the different impact of the uneven near-TIRF
illumination. Furthermore, the impact of the reducing cellular environment on the dye
properties is not yet fully understood and further studies have to be carried out.
Observing an average in vivo photobleaching lifetime of ~ 2 min for ATTO647N under
continuous illumination (P(A = 638 nm) = 300 uW, near-TIRF mode), | used this
value to calculate the chance of observing a single molecule after 10 min under the
same conditions; the probability is given by exp(—%) = 0.007.

This means about 150 molecules have to be internalised to statistically observe
one molecule lasting for 10 min under these conditions. The internalisation of 150
molecules per cell is a good assumption for the electroporation of cells with 10 pmol
dsDNA ATTO647N (see internalisation histogram, fig. [4.3). From this calculation a
time trace lasting for 25 min has a very low probability of 4-10~%. To put this value into
context, the observation of 600 cells given 10 pmol dsDNA ATTO647N internalisation
(~ 150 molecules per cell) would give a probability of about 1.3 - 10~ to observe
such a long-lived fluorescent molecule. These calculations are in good agreement to
my experimental experiences.

In this section | extended fluorescence observation at the single-molecule level to
about 10 min in live bacteria maintaining temporal resolution of down to 50 ms. Being
now able to study processes in the minute time regime opens new biological applica-
tions. It should be now possible to observe gene transcription taking about 2 min per
gene in real-time. Furthermore, processes within the cell division cycle (division time

of 30 min, sec. can be studied.
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Contribution

| performed all the experiments and analysed the data. The gain measurement on
the optical setup was carried out by Justin Pinkney and the value was kindly provided
to the lab. The localisation and tracking software is based on a version by Stephan
Uphoff (72). | adapted the Matlab scripts for my type of data and implemented further
features such as to load tif-files as input, implemented a threshold and filter parameter
check before localisation and wrote a script to visualise the tracked molecules in a

movie tif-stack on top of the raw data to get an idea of which molecules were picked

up.
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Conclusion and Outlook

In this work, electroporation was introduced as an efficient and high throughput inter-
nalisation method of biomolecules such as 45-bp dsDNA fragments labelled with or-
ganic fluorophores into live bacteria. The efficient internalisation of different amounts
of dsDNA labelled with different organic fluorophores covering the green (Cy3B)
and red spectrum (ATTO647N and Alexa647) was presented. The negative controls
where the labelled dsDNA were added but not electroporated showed only fluores-
cence signal comparable to the autofluorescence of empty cells proving that the flu-
orescently labelled DNA molecules do not stick to the outside of the cell membrane.
The cells showed a very good viability after electroporation; we observed about 50%
dividing and less than 5% compromised cells. This gives good evidence that we are
actually able to study the introduced biomolecules in in vivo settings. Furthermore,
we observed the increase in fluorescence due to the expression of the fluorescent
protein EmGFP upon internalisation of T7 RNA polymerase. This assay proved that
the electroporated biomolecules are functional, inside the cellular cytoplasm and that
even proteins of about 100 kDa can be internalised.

To get a better control for my in vivo studies, | estimated the number of internalised

biomolecules by carrying out single cell-based photobleaching measurements. By
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means of HMM analysis, we obtained the single-molecule unitary intensity through
which initial cell intensities can be related to actual numbers of internalised molecules.
So, | observed a wide distribution of internalised biomolecules per cell ranging from
one to several hundreds of biomolecules depending on the amount of added fluores-
cent molecules prior to electroporation. A high internalisation efficiency of more than
70% was obtained for the dsDNA standard. The HMM analysis method is still not
robust and input time series have to be manually pre-selected. At this early stage of
the analysis development not all the information of the system (e.g. state transitions
mainly due to photobleaching) were introduced in the model. Thus, the performance
of the HMM analysis can still be optimised and speeded up.

As a first characterisation of the fluorescence signal obtained from an internalised
single molecule, | tracked individual dsDNA standards with a time resolution of 15 ms
within the cellular environment. For dsDNA Cy3B and dsDNA ATTO647N diffusing
single molecules were observed for up to 8s. The lower photostability mainly due
to blinking of Alexa647 only allowed the observation of tracks for about 3 s for the
dsDNA Alexa647 sample. The diffusion study of the dsDNA standards revealed lower
apparent diffusion coefficients as expected, letting us to believe that we observed
diffusion of dsDNA fragments (labelled with Cy3B and Alexa647) bound to larger
DNA binding proteins and thus slowing down the diffusion. The dsDNA ATTO647N
sample exhibited more localised tracks due to known hydrophobicity of the dye. Thus,
the dyes Cy3B and Alexa647 have to be preferred for in vivo diffusion studies.

We believe that the performance of the diffusion analysis could be improved by in-
troducing photoswitching of the fluorophores in vivo and so controlling the number
of activated dyes per cell to one molecule at a time (8, [29). This will be even eas-
ier to achieve since the diffusion analysis can be carried out with short tracks (> 3

steps) already. Thus, the cross-linking of tracks of localised and diffusing molecules
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will be reduced and we could come up with an apparent diffusion coefficient thresh-
old to distinguish both species. Furthermore, introducing ‘in vivo DNA standards’,
i.e. protected DNA fragments such as those containing hairpin loops or unnatural
chemical groups (e.g. phosphorothioates) and containing little sequence similarity to
the E.coli chromosome to minimise binding by endogenous proteins, is necessary
for further diffusion studies to distinguish between free DNA diffusion and diffusion
of DNA-protein complexes. The ‘in vivo DNA standards’ can then be used to probe
for instance different dye properties, dye positions and DNA lengths in vivo and their
influence on the apparent diffusion coefficient distribution.

Maintaining a temporal resolution of down to 50 ms, localised single dsDNA ATTO647N
molecules were observed for about 10 min in the cell pushing single-molecule obser-
vation to the minute time scale and thus opening new avenues to study biological
systems in vivo at the molecular level.

The electroporation of organic fluorescent labelled biomolecules into live cells pro-
vides a powerful tool to transfer and investigate a well characterised biological sys-
tem already studied in vitro into a cellular environment. The high photostability and
brightness of organic fluorophores (>10x brighter than fluorescent proteins (75)) can
be applied to single-molecule tracking studies. In vitro labelling protocols can be kept
and the single-molecule observation can be moved to a natural context.

This method allows us to study biological mechanisms inside the bacterial cell using
organic fluorophores; a tool the single-molecule fluorescence field is missing up to

now and which will hopefully be adopted by the community.

Future work
Generally, electroporation conditions can still be optimised (e.g. modification of the
applied electric field) to achieve even higher internalisation efficiencies. The lag-

time between the electroporation and the start of the measurement due to the re-
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covery step could be minimised for in vivo studies and the amount of internalised
biomolecules could be better controlled. Furthermore, we have to get a better control
on the number of acitvated fluorophores per cell; preferably one activated molecule
per cell per frame. This could be achieved by the introduction of photoswitching
the organic fluorophores in vivo. This would improve the tracking analysis, allow a
better understanding of apparent diffusion coefficient distributions and help to dis-
tinguish for instance binding and unbinding events within a single-molecule track.
Moreover, introducing photoswitching of the internalised fluorophores would allow
the implementation of localisation-based super-resolution imaging and thus spatial
resolution of down to 20 nm (13) could be obtained. With the internalisation of dou-
bly labelled biomolecules, the observation of conformational changes in the 2-10 nm
range become possible using FRET assays. Here, the cellular autofluorescence and
the potential fast diffusion behaviour of the biomolecule inside the cell are the major

challenges.
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Materials and methods

A.1 DNA standards: sequences and handling

A.1.1 DNA sequences

Oligonucleotides used were prepared by automated synthesis from IBA GmbH, Géttin-
gen, Germany.

Sequences shown from 5’ to 3’:

TOP strand (unlabelled): TAA ATC TAA AGT AAC ATA AGG TAA CAT AAC GTA
AGC TCA TTC GCG — biotin

TOP strand — Cy3B: Cy3B TAA ATC TAA AGT AAC ATA AGG TAA CAT AAC GTA
AGC TX/CA TTC GCG — biotin

BOTTOM strand (unlabelled): CGC GAA TGA GCT TAC GTT ATG TTA CCT TAT
GTT ACT TTA GAT TTA

BOTTOM strand — B 17 — ATTO647N: CGC GAATGA GCT TAC G ATTO647N TTA
TGT TACCTATGT TACTTT AGATTT A
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BOTTOM strand — B 28 — ATTO647N: CGC GAA TGA GCT TAC GTT ATG TTA
CCT ATTO647N ATG TTA CTT TAG ATT TA

BOTTOM strand — B 38 — ATTO647N/Alexa647: CGC GAA TGA GCT TAC GTT
ATG TTA CCT TAT GTT ACT T ATTO647N/Alexa647 AGATTT A

A.1.2 DNA labelling

Labelling at the 5-end of the TOP strand was performed using the 5’-amino-C6-
modifying group with n-hydroxy-succinimidyl esters of Cy3B (GE Healthcare, Upp-
sala, Sweden). Internal labelling with ATTO647N (ATTO-TEC GmbH, Siegen, Ger-
many) was performed using the same protocol for the three different BOTTOM strands
B 17, B 28 and B 38. The internal labelled BOTTOM strand B 38 Alexa647 was pur-
chased from IBA (IBA GmbH, BioTAGnology, Géttingen, Germany).

For labelling, 5 nmol of ssDNA (50 uL out of 100 uM stock) was precipitated by adding
5uL of 5 M sodium chloride (NaCl) and 125 pL of ice-cold 100% ethanol and storing
the mixture at —80 °C for longer than 30 min and spin down at 16000g, 4 °C for
15 min. The supernatant was removed and was gently rinsed with 200 pL ice-cold
100% ethanol before another centrifuge run of 10 min. The supernatant was removed
and the pellet was let dry on the heating block at 37 °C to evaporate excess. Then,
the pellet was dissolved in 100 uL sodium borate (NaBOs, 0.1 M, pH 9.0).

For end labelling (Cy3B-TOP strand), ten-fold excess of dye (50 nmol of dye dis-
solved in 5 uL DMSO) were added to the DNA; wrapped in foil and placed on a shaker
for 5 h or overnight. Internal labelling (ATTO647N-BOTTOM strands) was performed
by incubating ten-fold excess of dye at 50 °C for 2 h or longer. Then another ten-fold
excess of dye was added and incubated again as before.

The ssDNA was precipitated in 250 pL ice-cold 100% ethanol and 10 pL of 5 M NaCl

at —80°C for a minimum of 30 min; again centrifuged at 16 000g, 4 °C for 15 min,
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rinsed with 200 pL ice-cold ethanol and let dry at 37 °C. The pellet containing labelled
and unlabelled DNA was then PAGE purified, see

A.1.3 DNA purification

The 45-bp ssDNA fragments were purified using a denaturing polyacrylamide gel
electrophoresis (PAGE). An acrylamide concentration of 20% was used creating a
3D matrix of cross-linked hydrocarbons after polymerisation. The negatively charged
labelled DNA was separated from the unlabelled DNA population and the free dye
by applying an electrostatic potential across the neutral gel depending on the rela-
tive pore size. The gel was run at 550V for 6 h in TBE buffer (89 mM Tris, 89 mM
Boric Acid and 2 mM EDTA). The main labelled DNA fraction was cut out, crushed
and eluted in double distilled water over night. The gel fragments were removed by
centrifugation and filtering with a 0.45 um pore size spin column. The DNA filtrate
was then de-salted in a p6 column into water and was then evaporated in speedvac

to near pellet.

A.1.4 DNA annealing

The dsDNA standards labelled with either Cy3B—TOP strand or ATTO647N/Alexa647—
BOTTOM strand were prepared by annealing labelled TOP strand to unlabelled BOT-
TOM strand and unlabelled TOP strand to labelled BOTTOM strand, respectively.
The oligonucleotides were annealed in a low-salt annealing buffer (20 mM Tris-HCI
(pH 8.0), 10-100 mM NaCl, 1 mM EDTA) by heating to 94 °C and subsequent cooling

to 4 °C over 45 min in steps of 10 °C.
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A.2 Sample preparation

A.2.1 Electroporation protocol

Up to 5 uL of labelled dsDNA standards stored in the low-salt annealing buffer, 10 uM
stock concentration, were added to 20 pL of electrocompetent cells (ElectroMAX™
DH5a-E™ Competent Cells, Invitrogen/ Life technologies, Carlsbad, California, USA)
to a final amount of 1 to 100 pmol and incubated for 10 min on ice. The cell sus-
pension and the organic fluorophore labelled biomolecules were added into the gap
(width of 0.1 cm) of a pre-chilled electroporation cuvette. The cell suspension was
then exposed to the discharge of a high voltage electric field. For all experiments
carried out in this thesis, the initial electric field of 18 kV/cm decayed with a time
constant of 5ms. The cells were rapidly recovered in 500 uL of rich medium (su-
per optimal broth with catabolite repression, SOC) for about 20 min shaking at 37 °C.
Then, the cells were washed 5 times with phosphate buffered saline (PBS) by pel-
leting the cells by centrifugation at 3300 g for 1 min at 4 °C and then resuspension.

Finally, the cells were resuspended in 100-200 uL PBS and stored on ice.

A.2.2 In vivo cover slides

The 1% agarose-M9 pads were prepared by adding 500 puL of the heated agarose-
M9-salt medium on a glass cover slide and let cool. The cells were vortexed briefly to
limit any potential of cell clustering. About 10 uL of the cell suspension were spread
on the agarose pad. Finally, a burned cover slide was placed on top of the agarose
pad which was turned towards the immersion oil objective for imaging.

For long-term observation of cells for several hours (viability check of the cells) the 1%
agarose pad was prepared with M9 salts and EZ rich defined medium. Furthermore,

a channel system was cut out off the pad, fig. and the agarose was kept wet by
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adding about 100 pL EZ rich defined medium into the channel system every 90 min.
Another attempt of cell immobilisation for imaging was to use polylysine or polyethyleneimine
coated glass cover slides; incubation time of 5min at room temperature in silicon
gasket wells on glass cover slide and washed with PBS twice. But the cells were

not always evenly attached to the coated cover slide and often were partially moving.
Nevertheless, this method gives better access to the cells for buffer exchange around

the cells compared to the agarose pad.

channel system

E.coli ) agarose

“m pad

cells
- '

cover slide

Figure A.1: Schematic of cutted channel system in agarose pad for buffer supply throughout the
observation.

A.2.3 In vitro cover slides

For in vitro dsDNA ATTO647N photobleaching experiments in sec. biotinylated
dsDNA molecules were immobilised on neutravidin-biotinylated-BSA (bovine serum
albumin) glass cover slides, fig.

Silicon wells were placed on burned cover slides and washed with 30 uL PBS twice.
Then, 30 uL of biotinylated BSA (2 mg/mL) were incubated for 2 min in each well. Af-
ter removal, the wells were washed twice with PBS again. Incubation of 30 uL neutra-
vidin for 1 min was performed already on the microscope stage and was followed by
the PBS washing step. The dsDNA ATTO647N (B17) was diluted down to 100 pmol

in the annealing buffer containing BSA (20 mM Tris (pH 8.0), 1 mM EDTA, 500 mM
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NaCl, 0.1 mg/mL BSA). After addition of 30 uL of 100 pmol dsDNA ATTO647N in
the well, the surface coverage with dsDNA was followed through the microscope in
the fluorescence channel. The dsDNA incubation was stopped when a good single-

molecule density was achieved by washing the well twice with PBS.

biotin

-

1 cover slide

oS

Figure A.2: Schematic of dsDNA labelled with ATTO647N immobilisation on glass cover slide

A.3 Optical setup and data acquisition

All measurements were carried out on two custom-built inverted total internal re-
flection fluorescence (TIRF) microscopes under continuous illumination. Since all
experiments could have been carried out on any of these two microscope setups the
imaging principle will be explained in more detail using only one setup. A schematic
of the setup is shown in fig.

The general idea of any fluorescence microscope setup is to excite the fluorophore/
sample with a specific bandwidth and collect the emitted fluorescent light filtered from
the excitation light for instance on a camera chip. Thus, the setup can be divided into
an excitation module, sample module and emission module.

The red diode laser (Vortran Stradus, 140 mW, Vortran Laser Technology, Sacra-

mento, California, USA) emitted at 638 nm and could be directly modulated. The laser
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intensity could be controlled by provided software. The green diode-pumped solid
state laser (Cobolt Samba, 100 m\W, Cobolt, Solna, Sweden) was also directly mod-
ulatable and emitted at 532 nm. The green excitation intensity was controlled by two
neutral density filters. Both lasers were combined via a dichroic mirror (500 DRLP,
Chroma Technology Corp., Rockingham Vermont, USA) and coupled into a single-
mode optical fibre (cut-off < 460 nm, NA 0.3, FC-APC/FC-PC, Schéafter+Kirchhoff,
Hamburg, Germany) separating the emission module from the two other modules.
For the experiments proofing molecule internalisation, cell viability and long-lived ob-
servation low laser powers between 100 uW and 600 uW were used. The cell-based
photobleaching studies were carried out using 3 mW (638 nm only) and the single-
molecule tracks measurements were performed using high laser powers between
15 mW to 23 mW.

After the fibre output, the excitation light was collimated and via a dichroic mirror
(dual-pass 545 nm/600 nm, Semrock, Rochester, New York, USA) directed on the
TIRF objective (100x, oil immersion objective, NA 1.4, Olympus, Shinjuku, Tokyo,
Japan). In TIRF mode, the excitation light was focused onto the cover slide under
a critical angle allowing total internal reflection at the glass-water/cell suspension
interface: TIRF-angle > sinfl(%) ~ 63°. Through the total internal reflection an
evanescent electromagnetic field was generated penetrating about 100 nm deep in to
the cell layer. In near-TIRF mode this TIRF-angle was decreased in such a way that
laser light partially goes through the sample without total internal reflection allowing
a deeper view into the sample. This method still uses the good signal-to-noise of
the TIRF illumination (reduction of background fluorescence) by illuminating more of
the sample. In wide-field mode the laser light was directly focused in the cell layer
between cover slide and agarose pad. The cover slide was placed on a microscope

stage which allowed the control of x/y/z movement of the cover slide relative to the
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objective and supported the cover slide to reduce defocussing.

The emitted fluorescence signal from the sample was collected by the same micro-
scope objective and separated from the excitation laser light by the dichroic mirror
(dual-pass 545 nm/600 nm, Semrock, Rochester, New York, USA) and two emis-
sion filters (EmF1: 633/25 nm notch filter, Semrock and EmF2: 545 nm long-pass
filter, Chroma). The green and red fluorescence emission channel were spectrally
separated (630 nm dichroic long-pass filter, Omega, Vermont, USA) and focussed
on two separate regions of an electron-multiplying charged-coupled device camera
(EMCCD, Andor, iXon, Belfast, UK). The total magnification of the setup was 170x

(94 nm x 94 nm per pixel).
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A. Excitation module ExF1 - excitation filter (640/10 bandpass), ExF2 - excitation filter (532/10 bandpass), DM1 -
dichroic mirror (500 DRLP), NDF - neutral densny filter wheel

B. Sample module DM2 - dichroic mirror (dual-pass 545/650)

C. Emission module EmF - emission filters (red laser notch filter 633/25, 545 long-pass), DM3 - dichroic mirror (630
DRLP)

Figure A.3: Schematic of inverted total internal reflection microscope setup with dual-colour detection.
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A.4 Data analysis

A.4.1 Cell segmentation
Manual and trainable cell segmentation

Several segmentation attempts were pursuit to gain a fast cell segmentation tool for
further cell fluorescence analysis.

Manual cell segmentation was implemented using a Matlab script where the user
clicked around cell outlines in the white-light image, a mask of all cells was generated
and used to extract the cells’ fluorescent intensity from the raw fluorescence movies.
This method worked fine but was very tedious and time consuming.

A more powerful idea was to use a trainable segmentation routine to learn the ma-
chine how E.coli cells look in the acquired white-light images. Here, | tested the
Trainable Segmentation Pluglin in fiji/lmageﬂ which recognises and segments pat-
tern in electron microscope images (76). The algorithm was trained with about 20
white-light images by drawing image features in the white-light image and classify-
ing the image components in categories such as cell membrane, cell cytoplasm or
agarose pad/background. This training seemed already sufficient and a cell mask
was generated by the trainable algorithm. The export of the cell mask from fiji to
Matlab (or the further analysis of the fluorescence movies within fij)) was not pursued

further.

Automated cell segmentation

For automated cell segmentation a program called ‘Schnitzcells’ developed by the

Elowitz lab (63) and publicly availabIeE] was used. ‘Schnitzcells’ was developed for

"http://fiji.sc/Trainable_Segmentation_Plugin, 5/11/12, 12.15pm
2http://cell.cathech.edu/schnitzcells/, 5/11/12, 12.20pm


http://fiji.sc/Trainable_Segmentation_Plugin
http://cell.caltech.edu/schnitzcells/
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analysing gene expression using fluorescence time-lapse microscopy.

| adapted the automated cell segmentation and manual segmentation adjustment
(scripts written in Matlab) that were implemented in the software (77). Since ‘Schnitz-
cells’ segmentation algorithm uses contrast detection and pattern (cell shape) recog-
nition on phase-contrast cell images, | inverted the contrast of our white-light cell
images and changed the cell shape parameters such as minimum cell area/length
and maximum cell width in pixels according to the white-light images of our micro-
scope setups (i.e. microscope magnification).

Using ‘Schnitzcells’, the cells were segmented in the white-light image automati-
cally. Then the segmentation mask could be manually checked or corrected (delet-
ing, adding, connecting, dividing cells) using a custom-friendly Matlab graphical user
interface, fig. The adjusted cell mask was then used to extract the cells’ fluores-
cence data such as initial cell intensities for internalisation efficiency studies or the
cellular fluorescence over time for photobleaching analysis. The adaptation of the au-
tomated cell segmentation tool speeded up our data analysis and allowed us to gain
good cell-based fluorescence statistics (300-500 cells per sample per day). This
segmentation routine is superior to the previously developed segmentation scripts
especially since it is less time consuming and already implemented into Matlab.
This segmentation method is strongly dependent on the contrast of the bright-field
images. Segmentation works better when the bright-field images were taken with an
LED white-light source with a narrower spectral range instead of a conventional white-
light lamp source. To achieve the highest contrast between cells and background
phase contrast microscopy has to be implemented. This is costly (new microscope

objective needed) and requires new setup alignment.
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cell masks after cell masks after
automatic segmentation manual adjustment
A -

inverted WL image

Figure A.4: Cell segmentation using Schnitzcells. An inverted white-light image is used as input
for contrast detection and cell shape recognition using Schnitzcells, output cell mask. Left: inverted
white-light image, Middle: Cell masks after automatic segmentation, Right: Cell masks after manual
adjustment of segmentation. Different colours denote different segmented cells.

A.4.2 HMM photobleaching time trace analysis

We modelled the photobleaching time series as arising from a stochastic process
where a finite sequence of random variables maps the underlying state sequence
which assumes values in a discrete state space (of active fluorophores). Markov
analysis proves suitable for our work as photobleaching time series should obey the
Markov assumption: first-order state dependence. We describe an HMM via a pa-

rameter set A\ = (m, A, B).

e 7, initial state distribution — 7m; describes the probability of being in state 7 at

time ¢t = 0, where 1 < i < N and N is the maximum number of states

e A, state transition probabilities — A is a matrix that describes the probability a;;

of transitivity from state ¢ to state j, 1 <i,5 < N

e B, observation probability distribution — B describes the probability b;(k) of

observation k in state ¢
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We can calculate the total observation probability by summing over all possible hid-
den state sequence probabilities. Baum and colleagues provided an efficient calcu-
lation of such a sum (78). The basic idea is to systematically vary the parameters
to maximise the maximum likelihood. Such a likelihood results from obtaining the
parameters maximum likelihood estimate (68, 169). To determine the “optimal” state
sequence, we used the Viterbi algorithm (70, [71).

Hidden Markov Modelling has several drawbacks. First, model selection is not straight
forward, i.e. the problem of determining the correct number of states. Second, the as-
sociated computational effort increases with N7 where N is the number of states
and 7' is the number of time points; thus, no real-time analysis is possible. Third,
HMM performs best when the states can be clearly resolved and the states’ lifetime
are at least 10x greater than the sampling interval. Consequently, HMM has diffi-
culty resolving short-lived states. Fourth, we need to accurately describe the initial
probability distribution, otherwise the model may trap in local minima. Fifth, HMM
analysis works best when each state is populated at least 10 times during a time
series. In order to determine HMM appropriate and accuracy, researchers should al-
ways verify and validate HMM results with simulations, alternative analysis methods
and experimental controls.

The algorithm used for analysis was adopted from (79) and implemented by Kristofer

Gryte.

A.4.3 Single-molecule tracking and diffusion analysis

The used custom-written MATLAB software to analyse single-molecule tracking and
diffusion in live E.coli was developed by Stephan Uphoff and is described in (72). A
similar approach to analyse diffusion behaviour of single-molecules in bacterial cells

was already presented by Manley et al. (80) and the EIf group (81} 160).



Appendix A. Materials and methods 64
The single-molecule data analysis carried out in this work can be separated into four
parts; the localisation of the single-molecule, the tracking of the molecule throughout
the movie, the calculation of the mean-squared displacement — a measure of the
molecules movement and obtaining an apparent diffusion coefficient distribution — a
measure of the ensemble molecule movement. These four steps are illustrated in
fig.

The image of a single fluorescent molecule on the camera chip is a diffraction-limited
spot (point spread function — PSF) which is determined by the microscope setup
properties (82). To determine the PSF positon (localising the molecule) an algo-
rithm presented in (83, [75) was used. Briefly, the fluorescence image was band-pass
filtered to minimise noise (high-pass filter) and reduce large-scale background (low-
pass filter). For an initial position guess of the molecules a simple fixed intensity
threshold was applied to the filtered fluorescence image of each movie frame. So
detected PSFs were fitted by a 2D elliptical Gaussian

((z — z0) cos O — (y — o) sin 0)? _ ((z —z0)sin b + (y — yo) cos 6)?

2 2
20Z 203

fla,y) = Arexp (=

with free fit parameters: zo/y, position, o,/o, width, elliptical rotation angle 6, am-
plitude A, background BG. The number of emitted photons of a fluorophore within
the exposure time is determined by the volume underneath the Gaussian curve. The
background B is fitted to account for background noise of the camera, the cellular
autofluorescence and incomplete filtering of the excitation light.

Single-molecule tracking was performed by adapting the MATLAB script based on an
algorithm described in (84). Localised PSFs were linked to a track if they appeared in
consecutive frames within a window of 5 or 7 pixels (0.48 um-0.67 um) for exposure
times of 10 ms and 15 ms, respectively. To account for disappearance of the PSF due

to blinking or missed localisation, | used a memory parameter of 1 frame.

)+BG
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A Single-molecule localisation B Single-molecule tracking

0 ms 10 ms 20 ms 30 ms

<da 5>
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C MSD calculation D Apparent diffusion coefficient histogram
) _
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no. of tracks

X At 0
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Figure A.5: Principle of single-molecule fluorescence analysis. A. Single-molecule localisation via
fitting of a 2D Gaussian to the PSF. B. Tracking of single-molecules if they appeared in consecutive
frame. C. Calculation of the mean-squared displacement (MSD) for each track. D. Calculation of
the apparent diffusion coefficient from the MSD and analysis of the apparent diffusion coefficient
distribution.

For each track with a minimum of 4 steps an apparent diffusion coefficient was cal-
culated from the average of the mean squared displacements of each step, D,y =
MSD/(4At) with At the frame time (= exposure time + frame read-out time from the
camera chip). The apparent diffusion coefficients were plotted in a histogram where
a peak at zero corresponds to non-diffusing molecules. We note that the apparent
diffusion coefficient was corrected for the offset localisation standard deviation of 30
nm but does correspond to an accurate microscopic diffusion coefficient because of
cell confinement and motion blurring (85). The diffusion analysis method was tested
simulating 2D Brownian motion in a confined ‘rod-shaped’ area showing good agree-
ment of experimental and simulated data (72).

The value for the localisation intensity threshold (crucial for PSF localisation) was
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chosen in such a way that less than 5% of molecules were picked up in the negative
control or the empty cell sample compared to the electroporated sample (rule of
thumb). Furthermore, no tracks were observed in these controls since only tracks
with more than 3 steps inside the cell boundary were taken for diffusion coefficient
analysis. Inner cellular noise or non-internalised DNA outside the cell were picked
up by the localisation algorithm but could not be linked (noise) or were excluded from
the analysis (non-internalised DNA).

In this work, long-lived single-molecule tracks were visualised with a time dependent
colour code within the cell outline. The photon count (integral of fitted PSF over back-
ground divided by the gain factor of 4.55 counts/photon) of the tracked molecules
were plotted throughout the track. Furthermore, the tracked molecules were plotted
on top of the raw data and saved in a tif-movie file for visualisation of the single-

molecule tracking.
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